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The quorum sensing (QS) network in Pseudomonas aeruginosa plays a key role in the 
coordination of virulence factors production and contributes to its pathogenesis. Since 
the las system is at the top of the QS hierarchy, knocking it out would be akin to 
paralyzing the intercellular communication network and disarming the pathogen. 
However, P. aeruginosa clinical strains isolated from chronically infected cystic fibrosis 
patients were often found to be bearing a defective las system, yet remain profligate 
producers of virulence factors such as pyocyanin and elastase. Further, under phosphate 
limitation conditions, a las–independent activation of the rhl QS system and pyocyanin 
production could be observed. This lead us to question whether there exists an 
alternative intercellular communication circuit that functions independent of LasIR, and 
whose effects are only apparent under non-standard, stressful environmental conditions, 
the very same conditions that P. aeruginosa is subjected to during infections. Therefore 
by random transposon mutagenesis, we screened for mutants with alterations in 
production of pyocyanin under low phosphate condition, and isolated a mutant 
disrupted at PA2305, a putative non-ribosomal peptide synthase gene. Subsequent in-
frame deletion of PA2305 and in trans complementation of the latter confirmed that 
PA2305 positively affects the production of virulence factors pyocyanin and elastase, 
PQS and the rhl quorum sensing systems, and contributes to the full virulence of the 
bacteria towards nematodes C. elegans and zebrafish D. rerio. We have purified the 
putative enzyme product of the PA2305 NRPS cluster and named it Qrp (quinolone 
regulating peptide). When exogenously added, only 10 nM of Qrp is required to restore 
xvii 
 
PQS production levels and its dependent phenotypes back to twice that of wild type 
levels. Further, we discovered that the ferric-binding siderophore pyochelin functions 
as a downstream Qrp-dependent signaling intermediate and forms a tripartite relay 
between Qrp and PQS, with a similar minimum effective concentration of 10 nM. 
Lastly, we also assayed the applicability of Qrp as a las-independent activator of 
quorum sensing and QS-dependent phenotypes in non-standard conditions. During 
phosphate depletion, the ΔlasIΔ2305 double mutant shows an overall downregulation 
in virulence genes expression and decreases in pyocyanin, elastase and PQS production 
compared to the ΔlasI strain, signifying its positive effects on quorum sensing systems 
downstream of las. The dramatic upregulation of PA2305 expression observed in P. 
aeruginosa clinical isolates further implies that PA2305/ Qrp could represent a 
formidable force in driving forward the expression of quorum sensing-regulated 





1.1 Quorum sensing (QS) in bacteria 
1.1.1 AHL-mediated QS in Gram-negative bacteria  
Microbial quorum sensing in the most literal sense refers to the microbe’s 
ability to estimate (sense) its population numbers. When a population threshold has 
been reached (quorum), the bacteria population transits from a QS-off state into a QS-
on state, where collective gene expression and other metabolic processes are 
coordinated according to environmental changes (Waters and Bassler, 2005; Schuster 
and Greenberg, 2006; Venturi, 2006; Atkinson and Williams, 2009; Ng and Bassler, 
2009; Antunes et al., 2010). This cell-cell communication process is critical for the 
population-dependent behavior. The discovery of the concept of quorum sensing over 
twenty years ago shifted the notion that bacteria and most prokaryotes in general 
operate as single cell entities without any social interaction or responsibilities into 
that of a coordinated, cooperative community. Extensive research in recent times has 
in fact revealed sophisticated communication systems, complete with signal 
broadcasting, eavesdropping and interception (Waters and Bassler, 2005; Atkinson 
and Williams, 2009; Ng and Bassler, 2009). To fully appreciate the intricate 
microbial communication network, it is important to first understand the mechanism 
of the QS system.  
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The majority of QS signals utilized in Gram-negative bacteria are N-acyl 
homoserine lactones (AHL), which are synthesized by the LuxI superfamily of N-acyl 
homoserine lactones synthases (Waters and Bassler, 2005; Schuster and Greenberg, 
2006; Venturi, 2006; Atkinson and Williams, 2009; Ng and Bassler, 2009; Antunes et 
al., 2010). The AHL molecules are produced in the cytoplasm of the bacterial cells 
and diffuse out into the extracellular milieu. As the bacteria divides, AHL 
accumulates in both the external environment and the cytoplasm in a rate proportional 
to the increase in cell density. Once the QS signal has reached a threshold 
concentration, they bind to and activate their intracellular cognate receptors (Vannini 
et al., 2002; Zhang et al., 2002). For the AHL signals, the receptors are homologues 
of LuxR, a class of ligand-binding transcriptional regulators which are in general 
constitutively expressed. The promoter-binding affinity of LuxR-type transcriptional 
regulators alters upon binding with the AHL ligand (Fuqua et al., 2001; Whitehead et 
al., 2001), therefore inducing rapid and massive gene expression changes within the 
bacteria (Fig. 1-1A).  
The phenomenon of quorum sensing was first discovered in the marine 
bacterium Vibrio fischeri (Nealson et al., 1970; Eberhard, 1972), which resides 
symbiotically within the light organ of the bobtail squid. The bioluminescence of V. 
fischeri is effected by the proteins encoded within the luciferase luxICDABEG operon, 
whose gene expression is activated by LuxR and the autoinducer N-(3-oxohexanoyl)-
L-homoserine lactone (OHHL) complex. When the concentration of OHHL, 
produced at a basal level by LuxI synthase, reaches the threshold, the OHHL-LuxR 
complex multimerizes and binds to the lux box, a promoter region upstream of the 
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luxICDABEG operon, inducing its transcription. As OHHL also induces the 
expression of its sunthase gene luxI, it is hence known as autoinducer. This model has 
since been used as a paradigm for AHL-based quorum sensing system in Gram-
negative bacteria.  
Following the discovery of the Lux QS system in V. fischeri, several AHL-
based signals were detected in diverse Gram-negative bacteria species. The receptor 
and synthase pair are also found to be homologues of LuxR and LuxI, respectively. 
They include, not exhaustively, the TraI-TraR system in Agrobacterium tumefaciens 
(Zhang et al., 1991; Zhang et al., 1993; Piper et al., 1993); ExpI-ExpR system in 
Erwinia carotovora (Bainton et al., 1992; Jones et al., 1993; McGowan et al., 1995); 
the EsaI-EsaR pair in Pantoea stewartii (Von Bodman and Farrand, 1995); and the 
LasI-LasR and RhlI-RhlR systems in Pseudomonas aeruginosa (Passador et al., 1993; 
Pearson et al., 1994).   
 
1.1.2 Diffusible signal factor  
The diffusible signal factor (DSF) was originally discovered in the plant 
pathogen Xanthomonas campestris pv campestris (Xcc), when the rpf (regulation of 
pathogenecity factors) gene cluster was studied. Reductions in the protease and 
endoglucanase production could be restored back to wild type levels in rpfF mutants 
when the former was grown in close proximity to the latter (Barber et al., 1997). It 
was thus speculated that the wild type strain produced a diffusible signal factor that 
was abrogated without a functional RpfF. Subsequent study revealed DSF to be cis-
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11-methyl-2-dodecenoic acid, a novel α,β-unsaturated fatty acid (Wang et al., 2004). 
A reliable and semi-quantitative DSF detection system was also developed. It 
involved the transcriptional fusion of the promoter region of engXCA, a DSF-
controlled operon, with the reporter gene gusA. GusA encodes the β-glucuronidase 
enzyme that when induced by DSF, and in the presence of the substrate 5-bromo-4-
chloro-3-indolyl-β-D-glucuronic acid, produces a blue product that indicates the 
presence of DSF (Wang et al., 2004).  
 Since the DSF system is most established in Xcc, the signaling system will be 
reviewed based on this bacteria species. Biosynthesis of DSF is affected by rpfF, 
which encodes for a putative enoyl-CoA hydratase (Barber et al., 1997; Slater et al., 
2000). Null mutations of rpfF resulted in the abrogation of DSF synthesis (Barber et 
al., 1997; Slater et al., 2000). Exogenous addition of DSF to rpfF mutants restored 
the production of DSF-controlled virulence factors exopolysaccharide (EPS) and 
proteases (He et al., 2006). The rpf gene cluster (rpfBCFG) has been identified in 
many other bacteria such as Stenotrophomonas maltophila, Xanthomonas axonopodis 
pv citri, X. oryzae pv oryzae and Xylella fastidiosa (Scapari et al., 2003; Newman et 
al., 2004; Andrade et al., 2006; Fouhy et al., 2007; Chatterjee et al., 2008; He and 
Zhang 2008; He et al., 2010), and the function of DSF synthesis by RpfF homologues 
has also been established in most of the abovementioned bacteria (Newman et al., 
2004; Huang and Lee Wong, 2007; Chatterjee et al., 2008; He et al., 2010).  
 RpfC is a multi-domain, two-component-type hybrid, histidine kinase sensor, 
that is believed to be the sensor for DSF (Slater et al., 2000; He et al., 2006). 
Contrary to rpfF mutants, mutants of rpfC displayed reduction in production of EPS 
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and extracellular enzymes that could not be restored with exogenous addition of DSF 
(Slater et al., 2000). Interestingly, rpfC mutants overproduced up to 16 times the 
amount of DSF compared to the wild type parental strain (Wang et al., 2004), 
suggesting RpfC could modulate DSF synthesis and virulence factor production with 
different mechanisms. Subsequent study revealed that the REC domain of RpfC was 
responsible for post-translational inhibition of the DSF synthase RpfF (He et al., 
2006), and that this inhibition was cell-density dependent. Evidence suggests that at 
low cell-density, RpfC is unphosphorylated and forms a complex with RpfF via its 
REC domain, hence limiting the amount of DSF produced by RpfF. As cell density 
increases and DSF accumulates past the concentration threshold, binding of DSF to 
RpfC triggers its autophosphorylation and resultant detachment of RpfF, leading to an 
exponential increase of DSF levels (Deng et al., 2010).  
 Further, the role of RpfG in the DSF signaling system was also explored. 
Several leads pointed RpfC and RpfG as a two-component sensor- regulator duo in 
Xcc, where RpfC is the sensor kinase and RpfG a response regulator with a typical 
receiver domain and a HD-GYP domain (Slater et al., 2000; Dow et al., 2003; He et 
al., 2006; Ryan et al., 2006). The HD-GYP domain was predicted and later found to 
breakdown the secondary messenger c-di-GMP into two molecules of GMP (Galperin 
et al., 1999; Galperin et al., 2001; Ryan et al., 2006). Overexpression of the HD-GYP 
domain of RpfG alone was adequate in restoring DSF-dependent virulence factors 
production in the Xcc rpfG mutant (Ryan et al., 2006; He, 2006). This implies that the 
intracellular level of c-di-GMP within Xcc is directly involved in the DSF quorum 
sensing signal transduction cascade.  
6 
 
 Owing to its ability to bind to cyclic nucleotides, the role of Clp in DSF 
signaling was investigated (He et al., 2007). In Xcc, Clp is a global regulator with a 
regulon of up to 299 genes, amongst which was a subset of DSF-regulated genes and 
overexpression of clp enabled the restoration of DSF-controlled factors in rpf mutants 
(He et al., 2007). In addition, its DNA-binding ability decreases upon binding with c-
di-GMP (Tao et al., 2010), which lead to the conclusion that Clp acts as an effector in 
the DSF signaling system by sensing the level of c-di-GMP degradation by RpfG. 
Two transcriptional regulators further downstream of Clp have also been identified 
within the DSF signaling system. FhrR and Zur, a TetR-type transcriptional factor 
and Fur-family transcriptional factor govern the expression of multiple genes critical 
for motility, pathogenecity, iron uptake, fitness and drug resistance, respectively (He 
et al., 2007). DSF is also proven to be involved in biofilm dispersal in Xcc as 
exogenous addition of DSF enabled the cell-aggregation mutants to grow in 
planktonic form in culture (He et al., 2006), through the effect of RpfC/RpfG on the 
xagABC operon (Tao et al., 2010). 
 A functional homologue of RpfF was also identified in Burkholderia 
cenocepacia, sharing 37% similarity at the amino acid level (Boon et al., 2008). 
Named as Bcam0581, knockout of this ORF abolished the production of DSF-like 
molecules in B. cenocepacia, and expression of this ORF complemented rpfF in Xcc 
(Boon et al., 2008). The DSF-like molecule produced in B. cenocepacia was 
identified to be its functional analogue, named as cis-2-dodecenoic acid (or for 
simplicity, BDSF), which differs from DSF only in a methyl substitution at the C-11 
site (Boon et al., 2008). Mutational studies on Bcam0581 revealed that the innate 
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biological functions of BDSF remain largely similar as that of DSF (Wang et al., 
2004; Boon et al., 2008; Deng et al., 2009; Ryan et al., 2009; Deng et al., 2010; 
McCarthy et al., 2010). A recent study also revealed eight other members of the B. 
cepacia complex produce BDSF. They are: B. lata, B. vietnamiensis, B. dolosa, B. 
ambifaria, B. stabilis, B, anthina and B. pyrrocinia; with the latter three producing 
another derivative of DSF, cis,cis-11-methyldodeca-2,5-dienoic acid (CDSF). B. 
multivorans produces all three DSFs (Deng et al., 2008). Although the exact signaling 
mechanisms of the DSF, BDSF and CDSF remains yet unclear, the presence of DSF-
like molecules in so many species of Burkholderia presents intriguing research 
challenges.  
 
1.1.3 Oligopeptide-mediated QS in Gram-positive bacteria 
The most well characterized quorum sensing system amongst Gram-positive 
bacteria is that of Staphylococci, which utilizes a variety of distinct autoinducer 
peptides (AIPs) of different amino acid lengths and compositions as QS signals in a 
strain-specific manner. The agr (accessory gene regulation) system of S. aureus 
remains as a model for understanding quorum sensing mechanisms in Gram-positive 
bacteria. Consisting of two transcription units, RNAII and RNAIII, the agr locus is 
controlled by the promoters agrP2 and agrP3 respectively (Chan et al., 2004; Novick 
and Geisinger 2008). The agrP2 operon is made up of four genes, agrBDCA, which 
encodes for the signal pro-peptide (AgrD) and the membrane-bound modifying 
enzyme (AgrB), which converts the peptide thiolactone into cyclic thioester 
molecules known collectively as AIPs. The different structures of the AIPs are 
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determined by the polymorphisms in the agrD and agrB sequences among various S. 
aureus isolates. AgrC and AgrA is a pair of two-component sensor-regulator, in 
which AgrC is a transmembrane receptor histidine kinase that is activated by binding 
with the cognate AIP. The activated AgrC autophosphorylates and in turn 
phosphorylates the cytoplasmic AgrA, thereby activating its transcriptional regulation 
response, including the agrP3 operon, which includes the 517 nucleotide long 
RNAIII and δ-toxin (Chan et al., 2004; Novick and Geisinger 2008). The agr regulon 
is therefore affected primarily by the action of AgrA and can be divided into RNAIII-
dependent and RNAIII-independent, AgrA-dependent genes (Queck et al., 2008) (Fig 
1-1B).  
Pivotal to its pathogenesis, the agr system controls the expression of all three 
major classes of toxins secreted by S. aureus (α-toxin, PVL and the PSMs) and the 
methicillin antibiotic resistance gene mecA, thereby contributing to the emergence of 
invasive methicillin resistance S. aureus strain in nosocomial infections (Novick and 
Geisinger 2008; Queck et al., 2008). Further, agr is also key in enabling the bacterial 
endosomal escape, intracellular survival and replication in epithelial and endothelial 
cells (Qazi et al., 2001; Chan et al., 2004; Cheung et al., 2004; Novick and Geisinger 
2008).  
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Fig. 1-1. Quorum sensing systems in Gram-negative and Gram-positive bacteria. (A) 
LuxIR-based quorum sensing signaling pathway. Red triangles denote the 
autoinducer (AHL) produced by the synthase LuxI. (diagram copied from Waters and 
Bassler, 2005). (B) Agr oligopeptide-based quorum sensing system in Gram-positive 
bacteria. Model based on the example of Staphylococcus aureus (diagram copied 
from Waters and Bassler, 2005).  
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1.1.4 Other QS signals  
Autoinducer 2 (AI-2) was first discovered in the marine bacterium Vibrio 
harveyi as one of the QS signals controlling bioluminescence (Bassler et al., 1993). 
Its synthesis is executed by LuxS (Surette et al., 1999), which cleaves S-ribosyl-L-
homocysteine (SRH) to produce 4,5-dihydroxy-2,3- pentanedione (DPD), upon which 
the latter spontaneously cyclizes to yield a class of chemicals known as furanones, 
which were referred to AI-2 (Miller et al., 2004). Homology search on LuxS have 
revealed its presence in more than 50 bacterial species, both Gram-positive and 
Gram-negative (Schauder et al., 2001; Winzer et al., 2002; Xavier and Bassler 2003; 
Vendeville et al., 2005), which led to speculation that AI-2 could be an evolutionary 
conserved interspecies communication signal (Bassler et al., 1997; Bassler et al., 
1999). However not all bacteria possess the LuxS homolgue to synthesize AI-2 and/ 
or utilize this metabolite as a quorum sensing signal (Winzer et al., 2002; Xavier and 
Bassler 2003; Vendeville et al., 2005; Hardie and Heurlier 2008), and little is known 
about the regulation targets of the AI-2 system in other LuxS-containing bacteria 
species with the exception of the Vibrio spp and enterohaermorrhagic Escherichia 
coli (EHEC) and enteropathogenic E. coli (Vendeville et al., 2005; Hardie and 
Heurlier 2008). Studies in the human pathogenic E. coli revealed that LuxS modulates 
the expression of the locus of enterocyte effacement (LEE) pathogenecity island 
responsible for the formation of attaching and effacing (AE) lesions in infected hosts 
(Sperandio et al., 1999; Celli et al., 2000). LuxS is also implicated in the global 
expression of numerous virulence factors in EHEC (DeLisa et al., 2001; Sperandio et 
al., 2001).  
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Further research on EHEC by Sperandio and co workers has revealed the presence of 
another autoinducer signal that is chemically distinct from AI-2 but similarly causes 
AE lesions and is LuxS-dependent (Sperandio et al., 2003). The new signal was 
named AI-3. Although the structure of AI-3 has yet to be solved, it is believed to be 
similar to epinephrine (Sperandio et al., 2003) and participates in host-microbe 
interactions. The qse gene locus could be involved in responding to AI-3 in E. coli 
and QseC, the AI-3 receptor also recognizes and binds to norepinephrine and 
epinephrine of the host (Clarke et al., 2006), giving rise to the classic example of how 
bacteria can utilize intercellular signals of the host to activate its own quorum sensing 
circuit for virulence factors production.   
In synergy with the AI-2 signals to effect multiple virulence factor production 
and biofilm development in Vibrio (Miller et al., 2002; Hammer and Bassler 2003; 
Zhu and Mekalanos 2003) is CAI-1, chemically known as long- chain α-
hydroxyketones. The chemical structures of CAI-1 are variable depending on 
different Vibrio species, and that of Vibrio cholerae is (S)-3-hydroxytridecan-4-one, a 
13-carbon α-hydroxyketone derivative whose synthesis is dependent on CqsA 
(Higgins et al., 2007). Binding of CAI-1 in the periplasmic space to the sensor CqsS 
at high cell density triggers a phosphorylation cascade that concludes in the activation 
of the common response regulator LuxO. This in turn causes the de-repression of 
HapR, which enables V. cholerae to switch from a state of aggressive host tissue 




Apart from the AHL-based and PQS (reviewed in section 1.3.1) QS systems, a 
new class of intercellular signaling molecules have been identified in the culture 
supernatants of wild type Pseudomonas aeruginosa. Detected by their ability to 
induce the E. coli AHL biosensors, the purified compounds were identified to be 
cyclo(L-Ala-L-Val) and cyclo(L-Pro-L-Tyr), collectively known as the 
diketopiperazines (DKPs) (Holden et al., 1999). The DKPs have also been identified 
in other bacteria species, namely Proteus mirabilis, Citrobacter freundii, 
Enterobacter agglomerans (Holden et al., 1999), Pseudomonas fluorescens and 
Pseudomonas alkaligenes (Degrassi et al., 2002). Even though the DKPs share the 
same binding target as AHLs and are relatively widespread, the concentration of 
DKPs required to elicit a response in the LuxR protein of the biosensor strain was 
approximately 3 X 105 times higher than its natural ligand N-(3-oxohexanoyl)-L-
homoserine lactone (OHHL) (Holden et al., 1999). Subsequent work on DKPs 
produced by Pseudomonas putida revealed that DKPs could be copurified with AHLs 
and are active towards various LuxR homologues (Degrassi et al., 2002), where they 
function as both antagonists and agonists in different strains (Holden et al., 1999). 
The discovery of DKPs has unveiled another portal through which interspecies 
signaling cross-talk could occur amongst the related bacterial species. 
 
The phenotype conversion (Phc) system in the plant pathogen Ralstonia 
solanacearum is the major controller in virulence factors production by the bacteria. 
One of the most important virulence factor is exopolysaccharide (EPS I).  The path to 
the discovery of the Phc autoregulator began when the EPS I production in phcB 
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mutants (one of the genes in the Phc operon) was restored back to wild type levels 
when grown on agar above a wild type culture (Clough et al., 1994). This volatile 
extracellular factor (VEF) was later isolated and purified from wild type culture 
supernatants and identified to be 3-hydroxypalmitic acid methyl ester (3-OH PAME) 
(Flavier et al., 1997). Purified 3-OH PAME were highly efficacious, requiring only 
sub-nanomolar concentrations to activate the EPS I biosynthetic gene locus (Flavier 
et al., 1997). PhcB, a membrane-associated enzyme within the phc operon, is 
proposed to synthesize 3-OH PAME by methylating 3-OH palmitate using S-
adenosyl methionine (Fuqua and Greenberg, 1998).  
The Phc/ 3-OH PAME system was thought to serve as a confinement and/ or 
cell density signaling system in R. solanacearum: at low cell density (poor growth 
due to nutrient limitation or sparsely distributed in the external environment), 3-OH 
PAME synthesized by PhcB diffuses quickly away and the 5 nM concentration 
threshold was not reached (Fuqua and Greenberg, 1998). The Phc system is not 
activated, hence the unnecessary yet energetically exhausting biosynthesis of 
virulence factors, such as EPS I and other exotoxins, are not embarked on, allowing 
the bacterium to focus on motility in search of the next host, and siderophores to 
outcompete other bacteria species. At high cell density/ crowding (within plant root 
cortex or xylem), the 5 nM 3-OH PAME threshold is reached quickly. 3-OH PAME 
binds to its putative receptor PhcS, the sensor of the PhcS-PhcR two-component 
sensor-response regulator pair. The activated PhcS autophosphorylates and in turn 
phosphorylates PhcR, whence the latter loses its ability to inhibit PhcA production. 
PhcA is a LysR-type transcriptional regulator that executes the signal transduction 
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from 3-OH PAME to expression of virulence genes in the Phc system, triggering the 
bacteria to launch an aggressive attack on plant hosts (Schell 2000).  
The Phc system was present in most R. solanacearum strains and the Phc 
homologues were identified in Ralstonia eutropha CH34 (Garg et al., 2000). 3-OH 
PAME-like molecules were similarly identified in CH34 and Agrobacterium sp. 
(Clough et al., 1994), suggesting that the highly sophisticated Phc system is 
widespread amongst plant pathogens. However its role in other microorganisms 
(human pathogen, fungi etc.) remains to be explored.  
 
1.2 Pseudomonas aeruginosa and QS systems 
1.2.1 P. aeruginosa taxomony, classification and metabolism 
The genus Pseudomonas was used loosely when it was first designated in the 
late 1890s (Migula, 1894; 1895). However the modern definition of “true 
pseudomonads” refers to the genera with group I homology in the rRNA genes 
(Palleroni et al., 1973). Other groups (β-proteobacteria) with rRNA homology group 
II and III were defined as Acidovorax and Burkholderia, the group IV (α-
proteobacteria) and group V (γ-proteobacteria) as Brevundimonas and 
Stenotrophomonas respectively (Holloway, 1996).  
Pseudomonas are small, non-spore forming, Gram-negative rods measuring 
approximately 0.5 to 0.8 µm in diameter and 1 to 3 µm in length. They possess one or 
more flagella for directional motility in aqueous environments (Todar, 2004). Most 
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Pseudomonas are aerobic but not fermentative, although some species including 
Pseudomonas aeruginosa are facultative anaerobes.  
There are a large number of species under the Pseudomonas genus, and they 
can be grouped according to fluorescent pseudomonads, which includes P. 
aeruginosa, P. fluorescens and P. syringae, and the non-fluorescent species, such as 
P. stutzeri and P. mendocina (Palleroni, 1992). The most studied pseudomonad is 
Pseudomonas aeruginosa. Commonly found in various environmental niches such as 
soil, water and the surfaces in contact with soil or water, P. aeruginosa has the ability 
to survive in the harshest conditions. It is tolerant to high salt, high temperature and 
growth is often detected in conditions with minimal nutrients available (Govan and 
Harris, 1986). This is owing to its mighty metabolic profile that enables it to utilize 
more than 70 organic compounds as energy sources (Ramos et al., 2002).  
 
1.2.2 QS systems in P. aeruginosa  
The QS system in Pseudomonas aeruginosa is one of the most complex and 
sophisticated, consisting of inter-connected, hierarchical signaling mechanisms that 
work synchronously to orchestrate population density sensing, environmental 
adaptation and virulence factors production. At the heart of the P. aeruginosa QS 
network is LasIR system, where LasR is a LuxR-type transcriptional regulator that 
binds to the AHL signal N-3-oxododecanoylhomoserine lactone (3-oxo-C12-HSL), 
synthesized by the synthase LasI (De Kievit and Iglewski, 2000). At low cell density, 
LasR is not bound to 3-oxo-C12-HSL and remains inactive. As the P. aeruginosa 
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population increases, so does the 3-oxo-C12-HSL signal concentration. Once the 
threshold is reached, binding of 3-oxo-C12-HSL to LasR triggers its dimerization. 
The activated LasR/3-oxo-C12-HSL dimer in turn binds to the promoter regions of its 
downstream genes to induce their gene expression (De Kievit and Iglewski, 2000). 
One of the many target genes of LasR is rhlR and rhlI, which encodes RhlR, a LuxR 
type transcriptional regulator, and the signal synthase RhlI, respectively. RhlI 
synthesizes N-butyryl-homoserine lactone (C4-HSL), a shorter chain AHL signal (see 
Fig. 1-2 for the chemical structures of AHLs). When the concentration of C4-HSL 
reaches the threshold, it binds to RhlR and leads to its activation. The active 
RhlR/C4-HSL complex controls gene expression by binding to their promoter regions 
(De Kievit and Iglewski, 2000). Both QS signals also induce the transcriptional 
expression of their own synthase, forming a positive signal feedback loop, and the las 
system is said to control the rhl system at both the transcriptional and post-
transcriptional levels (Latifi et al., 1996).  
 LasR also induces the expression of RsaL, a transcriptional repressor of lasI. 
Binding of RsaL to the bidirectional rsaL-lasI promoter inhibits the expression of 
both genes, which generates a negative feedback loop that counteracts the positive 
signal feedback loop mentioned earlier, thereby balancing the levels of 3-oxo-C12-
HSL (Rampioni et al., 2007). Whilst LasR/3-oxo-C12-HSL and RsaL do not compete 
for the same binding site on the lasI promoter region, the repression by RsaL is 
stronger than the activation by LasR (Rampioni et al., 2007). RsaL also inhibits the 
expression of some QS target genes such as biosynthetic genes of pyocyanin and 
cyanide (Rampioni et al., 2007). In addition, quorum quenching enzymes, the AHL 
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acylase PvdQ and QuiP, are also involved in the maintenance the balance of 3-oxo-
C12-HSL levels in P. aeruginosa (Huang et al., 2006; Sio et al., 2006).  
 Microarray analysis has shown that the las and rhl system co-regulate up to 
10% of the P. aeruginosa genome (Schuster and Greenberg, 2006), however there are 
distinct and exlcusive las and rhl regulons (Schuster et al., 2004; Schuster and 
Greenberg, 2007). Extensive studies utilizing transcriptomics revealed that the QS-
regulated genes could be divided into four sub-categories: some are LasR/3-oxo-C12-
HSL specific; some respond better in the presence of both AHLs compared to just 3-
oxo-C12-HSL alone, whereas some are non-responders to the latter; and lastly, the rhl 
system specific genes (Schuster and Greenberg, 2006). This distinction could most 
likely be attributed to the stringency of the binding between the transcriptional 
regulator and its recognition site on the promoters (Schuster and Greenberg, 2007). 
For LasR, dyad symmetry within the Las/Rhl box is not a requirement for binding, 
but is a general feature for RhlR-responsive promoters (Schuster et al., 2004).  
 Following the discovery of the las and rhl QS systems in P. aeruginosa, many 
positive and negative regulators were subsequently identified, and they control the 
quorum sensors LasR and RhlR in a variety of ways. Noteworthy are the regulatory 
effects of QscR and VqsR, the LuxR homologues without an assigned AHL signal. 
QscR forms heterodimers with LasR/3-oxo-C12-HSL and RhlR/C4-HSL and 
prevents their binding with the promoter DNA (Ledgham et al., 2003). QscR could 
also recognize 3-oxo-C12-HSL and utilize it for activating its own regulon (Chugani 
et al., 2001; Fuqua, 2006; Schuster and Greenberg, 2006). VqsR is a positive 
regulator of 3-oxo-C12-HSL expression and itself is regulated by the LasR/3-oxo-
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C12-HSL complex (Li et al., 2007). There are many other super-regulators of the 
AHL-based QS system and they are summarized in the table below (Table 1-1). In 
addition to the AHL systems, there exists a third, chemically distinct QS system that 
is quinolone-based. This will be discussed in details in section 1.3.1.  
 Quorum sensing is a medically important phenomenon as it plays a pivotal 
role in regulating virulence factors production in many human pathogens. The 
quorum sensing system in Pseudomonas aeruginosa controls multiple virulence 
determinants that affect the severity of infections and its persistence in the human 
host. The las and rhl systems prominently controls the onset and production of 
multiple virulence factors such as elastase, alkaline protease; exotoxin A, 
rhamnolipids, pyocyanin, lectins, hydrogen cyanide and superoxide dismutase 
(Schuster et al., 2003; Smith and Iglewski, 2003). The individual damages caused by 
each of these factors, tissue destruction and invasion, oxidative damage, collectively 
result in P. aeruginosa pathogenesis. In addition, the las quorum sensing system 
contributes to biofilm formation, evidenced by the attenuated ability of lasI mutants 
to form structurally normal biofilms (Davies et al., 1998). Since QS plays such 
significant roles in virulence factors production, it is imperative to characterize it in 
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Fig. 1-2. Chemical structures of bacterial autoinducers. (A) Homoserine lactones 
based autoinducers produced by Gram-negative bacteria, with specific R groups. (B) 
Auto-inducing peptides produced by Gram-positive bacteria. Upper panel: four 
known species of S. aureus AIP derived from AgrD precursor; lower panel: peptide 
sequences of autoinducers produced by other Gram-positive bacteria, the tryptophan 
residue marked with asterix (*) in ComX is isoprenylated. (C) DPD, the precursor to 
AI-2. In the presence of boron, AI-2 exists as S-THMF-borate (Vibrios). In the 
absence of boron, AI-2 exists as R-THMF (Salmonella). (D) CAI-1 and Amino-CAI-
1 produced by V. cholerae.  (E)  γ-butryolactone autoinducer produced by Gram-
positive soil-dwelling bacteria Streptomycetes (diagram reproduced from Waters and 




Table 1-1. Super-regulators of quorum sensing in P. aeruginosa 
Regulator Mechanism of Action References  
AlgR2 Negative transcriptional regulator of 
lasR and rhlR 
Ledgham et al., 2003; 
Westblade et al., 2004  
DksA Negative transcriptional regulator of 
rhlI 
Branny et al., 2001; van 
Delden et al., 2001; Jude et 
al., 2003  
GacA/GacS Positive transcriptional regulator of 
lasR and rhlR 
Reimmann et al., 1997; 
Parkins et al., 2001  
MvaT Negative transcriptional regulator 
(global regulation) 
Diggle et al., 2002  
QscR Negative regulator (anti-activator) of 
LasR protein  
Chugani et al., 2001; 
Ledgham et al., 2003  
RpoN Negative transcriptional regulator of 
lasRI and rhlRI 
Heurlier et al., 2003; 
Thompson et al., 2003  
RpoS  Negative transcriptional regulator of 
rhlI 
Latifi et al., 1996; Whiteley 
et al., 2000; Schuster et al., 
2004  
RsaL Negative transcriptional regulator of 
lasI 
De kievit et al., 1999; Bertani 
and Venturi, 2004  
RsmA Negative transcriptional regulator of 
lasI 
Pessi et al., 2001  
Vfr Positive transcriptional regulator of 
lasR and rhlR 
Albus et al., 1997  
VpsR Positive transcriptional regulator of lasI Juhas et al., 2004  
QslA  Negative regulator (anti-activator) of 
LasR and PqsR proteins 






1.3 The Pseudomonas quinolone signal (PQS) 
1.3.1 PQS in P. aeruginosa  
PQS was identified in 1999 by Pesci and co-workers as the molecule that 
could induce the AHL-controlled gene lasB in an AHL-deficient strain of P. 
aeruginosa (Pesci et al., 1999). This molecule was characterized as 2-heptyl-3-
hydroxy-4(1H)-quinoline. Because it is a new QS signal, chemically distinct from the 
homoserine lactones, and only found in P. aeruginosa at the time of identification, it 
is named as Pseudomonas Quinolone Signal (PQS). P. aeruginosa produces over 50 
alkyl-quinolones (AQ) molecules, though most remain uncharacterized (Hays et al., 
1945; Lightbown, 1950; Wells, 1952; Cornforth and James, 1956; Lightbown and 
Jackson, 1956; Déziel et al., 2004; Lepine et al., 2004). The biosynthetic enzymes 
and regulatory proteins of PQS are encoded by the pqsABCDE operon, pqsH, pqsL 
and pqsR (Cao et al., 2001; D’ Argenio et al., 2002; Gallagher et al., 2002; Déziel et 
al., 2004; Lepine et al., 2004), and their functions are described in detail below.  
 PqsA is an anthranilate-coenzyme A ligase (Gallagher et al., 2002; Coleman 
et al., 2008), which activates anthranilate to form anthraniloyl-coenzyme A, initiating 
the first step of the PQS biosynthesis. A pqsA mutant does not produce any AQs 
(Déziel et al., 2004). PqsB, PqsC and PqsD are probable 3-oxoacyl-(acyl carrier 
protein) synthases and they mediate the conversion of anthranilate into 2-heptyl-4-
quinolone (HHQ) by incorporation of β-ketodecanoic acid (Déziel et al., 2004; 
Gallagher et al., 2002). HHQ is the precursor of PQS and can be intercellularly 
transmitted between P. aeruginosa cells. HHQ is converted into PQS by the action of 
PqsH, a putative flavin-dependent monooxygenase that purportedly hydroxylates 
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HHQ at the 3-position (Gallagher et al., 2002; Déziel et al., 2004; Dubern and 
Diggle, 2008; Schertzer et al., 2009). The transcription of pqsH is controlled by LasR, 
implying that the PQS system is controlled by the las system (Schertzer et al., 2009). 
PqsL is also predicted to be a monooxygenase and is most likely to be involved in the 
synthesis of the AQ N-oxides, (e.g. 4-hydroxy-2-heptylquinoline-N-oxide, HQNO) 
(Stover et al., 2000; Lepine et al., 2004). Disruption in PqsL caused an 
overproduction of PQS (D’ Argenio et al., 2002), probably owing to a blocked AQ N-
oxide pathway which leads to an accumulation of HHQ (Déziel et al., 2004; Lepine et 
al., 2004). In certain strains of P. aeruginosa, accumulation of PQS and HHQ leads to 
autolysis and cell death (D’ Argenio et al., 2002; Whitchurch et al., 2005; D’ Argenio 
et al., 2007). The role of PqsE remains largely unknown, which is a probable metallo-
β-lactamase. Mutation of pqsE did not affect PQS biosynthesis (Gallagher et al., 
2002). However mutants of pqsE failed to respond to PQS (Gallagher et al., 2002; 
Diggle et al., 2003; Farrow et al., 2008), and did not express the PQS-controlled 
phenotypes such as pyocyanin and PA-IL lectin production. In contrast, 
overexpression of PqsE alone led to enhanced pyocyanin and rhamnolipid production, 
which is otherwise dependent on PQS signaling (Farrow et al., 2008).  
PqsR (MvfR) is a LysR-type transcriptional regulator that binds to the 
promoter region of pqsABCDE operon and directly controls its expression (Gallagher 
et al., 2002; Cao et al., 2001). The expression of pqsR is in turn controlled by LasR/3-
oxo-C12-HSL (Camilli and Bassler, 2006). PqsR is the cognate receptor of PQS and 
also its co-inducer, since the activity of PqsR in inducing expression of pqsABCDE 
dramatically increases when PQS is bound by the receptor (Wade et al., 2005; Xiao et 
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al., 2006b). HHQ was also found to be able to bind to and induce PqsR, though it 
does so with ~100-fold less potency than PQS (Wade et al., 2005; Xiao et al., 2006a). 
Mutation of pqsR resulted in non-production of any AQs and pyocyanin (Gallagher et 
al., 2002; Cao et al., 2001; Schertzer et al., 2009; von Bodman et al., 2008), 
indicating that PqsR is essential for executing PQS signal transduction.   
The synthesis of PQS is initiated during logarithmic growth and reaches its 
maximum during late stationary phase (Lepine et al., 2003). As mentioned above, 
both pqsR and pqsH are controlled by LasR; activated PqsR/PQS increases rhlI 
expression and rhl dependent phenotypes (Pesci et al., 1999; McKnight et al., 2000). 
Interestingly, pqsR and pqsABCDE expression is inhibited by RhlR/C4-HSL (Cao et 
al., 2001), suggesting that the ratio of the concentrations between 3-oxo-C12-HSL 
and C4-HSL play a decisive role in the dominance of the PQS signaling system (Cao 
et al., 2001).  
Many experimental data has proven the importance of PQS in infections. 
Mutants of the PQS QS system have shown to cause decreased production of biofilm 
and several virulence factors such as pyocyanin, elastase, PA-IL lectin and 
rhamnolipids (Diggle et al., 2003; Cao et al., 2000; Rahme et al., 1997, 2000). PQS is 
also required for full virulence towards plants (Cao et al., 2001), nematodes 
(Gallagher et al., 2002), and mice (Cao et al., 2001; Lau et al., 2004). In burn-wound 
mouse models, the killing abilities of pqsA were attenuated compared to the wild type 
parental strain (Déziel et al., 2005; Xiao et al., 2006b). Intriguingly, pqsH mutant 
displayed equal virulence as wild type, alluding to the possibility that PQS is 
unimportant for P. aeruginosa virulence in animal hosts. However, PQS is often 
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found in the sputum, bronchoalveolar fluid and mucopurulent fluid of cystic fibrosis 
sufferers (Collier et al., 2002). Taken together, this could mean that different AQs 
may take on different roles in different host organisms and disease models.  
 
1.3.2 HAQ signaling in Burkholderia spp.  
Examining the Burkholderia genome databases revealed homologues of the 
PQS biosynthesis genes, with Burkholderia pseudomallei and B. thailandensis 
carrying the entire operon pqsABCDE within their genome, named as hhqABCDE 
(Diggle et al., 2006a). In trans complementation of hhqA into the pqsA mutant of P. 
aeruginosa PAO1 restored its PQS and HHQ production, as well as the PQS-
controlled virulence factor pyocyanin (Diggle et al., 2006a). Similarly, expression of 
hhqE in the PAO1 pqsE mutant rescued the production of pyocyanin and PA-IL 
lectin, which is also a PQS dependent factor (Diggle et al., 2006), suggesting that the 
hhq operon serves a similar function in Burkholderia as its Pseudomonas 
counterparts. Further, HAQs, in particular, HHQ, were also identified by mass 
spectrometry in Burkholderia pseudomallei, B. thailandensis, and B. cenocepacia, 
although no PQS was detected (Diggle et al., 2006a). Insertion mutation of hhqA in B. 
pseudomallei abrogated HAQ production, increased elastase production and caused a 
dramatic alteration in colony morphology (Diggle et al., 2006a), which presents HAQ 
as a potential signaling system in Burkholderia spp. Further research has revealed that 
methylation at the 3-position is required for signaling (Vial et al., 2008). Since HHQ 
is oxidized to PQS by the action of PqsH in P. aeruginosa, the lack of a functional 
homologue in Burkholderia explains the absence of PQS in the latter. Since P. 
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aeruginosa responds to both HHQ and PQS (Diggle et al., 2006a), and Burkholderia 
only to HHQ. The findings suggest a possibility that P. aeruginosa may have a 
competitive advantage over the co-existing Burkholderia species in the ecological 
habitat.  
 
1.3.3 Other functions of quinolone compounds 
Apart from the role of a signaling “middle man” between the Las and Rhl QS 
systems, PQS has been found to be required for the formation of membrane vesicles 
(MV) in Pseudomonas aeruginosa. MVs are small, bilayered, spherical structures that 
result from the invagination of the outer membrane of Gram-negative bacteria 
(Kadurugamuwa and Beveridge, 1995; 1997). In fact, the PQS chemical itself was 
found in MVs and possibly trafficked via intercellularly MVs during PQS signal 
transduction (Mashburn and Whiteley, 2005). PQS interacts with lipopolysaccharide 
(LPS) that are found abundantly only in the outer leaflet of P. aeruginosa outer 
membrane, inducing asymmetry between the outer and inner leaflets. This creates 
tension and thus a bud-off from the cell body containing LPS and PQS in the outer 
leaflet and the small portion of the inner leaflet in the bilayered MV (Mashburn et al., 
2008). The MVs of P. aeruginosa also contain toxins, DNA and proteins 
(Kadurugamuwa and Beveridge, 1995; 1997; 1999), implying that PQS contributes to 
the packaging and delivery of virulence factors and possibly, in the case of 
extracellular DNA and proteins, biofilm formation.  
Since as early as 1880s, quinolones have been observed to have antibacterial 
properties against Bacillus anthracis (Hays et al., 1945; Diggle et al., 2006b), 
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Staphylococcus aureus, Bacillus subtilis (Deziel et al., 2004) and Staphylococcus 
epidermidis (Mashburn and Whiteley, 2005). It is generally believed the antibacterial 
property of quinolones was mainly due to 4-hydroxy-2-heptylquinoline-N-oxide 
(HQNO), a N-oxide derivative of HHQ ((Deziel et al., 2004). In addition, quinolones 
are targets for rational drug design. Synthetic quinolones like ciprofloxacin and 
levofloxacin are highly effective broad-spectrum antibiotics with minimum side 
effects (Ball, 2000; Emmerson and Jones, 2003).  
 PQS was also known to maintain the redox homeostasis in P. aeruginosa, 
serving as an antioxidant or pro-oxidant under different circumstances and 
environmental stress, conferring protection to the organism, or sensitizing the bacteria 
cells to killing by hydrogen cyanide and antibiotics (Haussler and Becker, 2008). Its 
downstream virulence factor, pyocyanin, is also a redox-active compound that 
contributes to the fitness and survival of the bacterial cell under low oxygen growth 
conditions (Price-Whelan et al., 2006; 2007).  
Two recent studies have revealed that PQS is able to bind rapidly to 
extracellular Fe(III) ions at physiological pH (7.4) (Diggle et al., 2007) in a ratio of 
3:1 (Bredenbruch et al., 2006), leading to a quick drop of free iron in the culture 
supernatants. However it was later found that PQS does not act as a siderophore but 
rather as an iron trap (Diggle et al., 2007). When PQS was exogenously supplied to a 
P. aeruginosa strain deficient in both pyoverdine and pyochelin, most PQS was found 
at the cell envelope, and bacterial growth was inhibited. This shows that PQS creates 
an iron reservoir in the cell membrane which aids the utilization and delivery of Fe(III) 
by the siderophores into the cytoplasm (Diggle et al., 2007). Additionally, the rapid 
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quenching of extracellular free iron by PQS provides P. aeruginosa with a 
competitive edge against other species in iron limiting growth conditions (Dubern and 
Diggle, 2008).  
 
1.4 Quorum sensing in P. aeruginosa clinical isolates  
Owing to the chronic nature of P. aeruginosa infections, especially so in 
immuno-compromised patients and cystic fibrosis (CF) sufferers, researchers are able 
to study the genetic evolution of P. aeruginosa isolates for up to a period of 20 years. 
Since quorum sensing (QS) is generally acknowledged as a primary regulator of 
many virulence factors involved in P. aeruginosa pathogenesis, the focus of these 
studies was on the competence of these isolates in producing quorum sensing 
dependent virulence factors. Part of this was dedicated to verifying the importance of 
quorum sensing in cystic fibrosis infections (Singh et al., 2000; Erickson et al., 2002; 
Winstanley and Fothergill, 2009). The other was focused on assaying the quorum 
sensing profiles of clinical P. aeruginosa isolates and to determine whether the 
intercellular communication system is still maintained in chronic infection. So far, 
many of these clinical isolates were found to be quorum sensing negative, yet were 
successful at maintaining long-term colonization within the human host. Therefore 
understanding the background, timing of emergence of mutations in quorum sensing 
genes, as well as the production levels of virulence factors, is paramount. The details 
of four such studies were summarized and listed in the following paragraphs.  
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 In a study conducted in Texas, 200 clinical isolates from wound, urinary tract 
and lower respiratory tract infections were screened for deficiencies in QS. Of this, 5 
strains were identified to lack LasB and LasA proteolytic activities, as well as very 
low or none of the autoinducers 3-oxo-C12-HSL and C4-HSL production. PCR 
analysis revealed that out of the 5 QS-negative strains, 3 possess all four intact lasR, 
lasI, rhlR and rhlI genes, whilst the remaining 2 lack both lasR and rhlR genes 
(Schaber et al., 2004). For another study, the autoinducers acyl-homoserine lactone 
(AHL) profiles of P. aeruginosa isolates from 5 CF patients in Germany were 
monitored for a duration of up to 11 years. More than 40 strains were collected in 
total during the sampling period and the AHLs assayed were OdDHL (also known as 
3-oxo-C12-HSL), HHL, OHHL and BHL (C4-HSL). The authors concluded that over 
the test period, the production of AHL levels and the type of AHLs produced by the 
isolates did not change greatly. However two patients were co-infected with 
Burkholderia cepacia within the hospital and the P. aeruginosa isolate from one 
patient produced dramatically reduced levels of AHLs, which interestingly was 
restored when the B. cepacia infection was cleared. Later, it was found that the co-
infecting B. cepacia strain produced OHL and HHL species of AHLs, which led to 
speculations on AHL-mediated crosstalk in the CF lung (Geisenberger et al., 2000).  
A recently released report on 238 P. aeruginosa isolates obtained from 152 
Scandinavian CF patients focused on the mutation onset and frequency of quorum 
sensing genes over a period of 20 years. Isolates were assayed for production of 
alginate, rhamnolipid, elastase and the QS autoinducers, their reduction or total loss 
were in turn, indicative of the state of the quorum sensing system. Those with 
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disrupted quorum sensing were subjected to sequence analysis of lasR, lasI, rhlR and 
rhlI. The authors discovered that the las quorum sensing was the first system to be 
lost through evolution of the isolates within the CF lung, taking 12 years (median 
value) to do so. Subsequent loss of the rhl system occurred 5 years later (median 
value), which alludes to the possibility that LasR-independent rhl quorum sensing is 
maintained during chronic lung infection, possibly for the production of rhamnolipids, 
an important shield against host immune factors. In addition, more mucoid strains 
tend to maintain the rhl system and rhamnolipid production compared to non-mucoid 
strains (Bjarnsholt et al., 2010). This study has provided an important finding that 
LasR-independent rhl quorum sensing system could be sustained by P. aeruginosa 
inside the host and even appear to be favoured for chronic infection.  
Since the workhorse for quorum sensing control of virulence factor production 
is the rhl system, clinical isolates were also assayed for deficiencies in C4-HSL 
production. Fifty clinical strains were isolated from wound, urinary tract and blood 
from patients in Turkey and were screened for production levels of C4-HSL, 
virulence factors elastase, protease, pyocyanin and rhamnolipids. Of the 50, four 
strains were found to be defective in all the assayed phenotypes, and sustained 
mutations in the rhlI gene. Two strains have further mutations in rhlR. The authors 
conclude that the causative factor for the lack of virulence factor production was the 
loss of function of RhlI or both RhlI and RhlR, which halt the rhl quorum sensing 
system (Bosgelmez-Tinaz and Ulusoy, 2008).  
  The clinical studies described above were carried out across different 
countries and continents, so understandably their conclusions are highly case-specific, 
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with poor inter-study correlation. However, one unifying feature is apparent: loss of 
las quorum sensing system does not translate into an avirulent or less fit P. 
aeruginosa as opposed to what was widely observed in laboratory standard conditions. 
The mechanisms behind this ability, as well as the disparity between the behaviours 
of laboratory versus clinical strains have yet to be elucidated.  
 
1.5 Aims and scope of this study 
From these studies, it is apparent that laboratory culture conditions differs 
greatly from that in the human host, and laboratory standard strains of P. aeruginosa 
(e.g. PAO1) too behave differently from the clinical isolates. Therefore the projected 
importance of las in the overall P. aeruginosa quorum sensing network may not be 
that high in actual host infection conditions compared to laboratory in vitro assays or 
experimental animal models. In addition, based on the extensive landmark study on 
the temporal aspects of reduction in quorum sensing genes (Bjarnsholt et al., 2010), a 
las-independent, rhl-dependent quorum sensing appeared to be fully functional and 
favoured in chronic infections amongst the population of clinical isolates from 
Scandinavia. Hence there exists a possibility of a less linear QS signal relay, with 
potentially one or more alternative regulators that could replace LasIR at the top of 
the hierarchy. If las loses control of rhl in clinical isolates, is there another cell-to-cell 
communication system or regulator that takes over?  
 To answer the above question, we need to first understand the nutrient/ 
environmental conditions P. aeruginosa is subjected to during infection in the human 
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host in order to best model them on the laboratory workbench. Apart from carbon and 
nitrogen-sources scarcity, phosphate (Zaborin et al., 2009) and iron (Kim et al., 2006) 
limitations also pose challenges to the opportunistic pathogen and are promising 
platforms from which the effects of environmental factors on bacterial collective 
behaviour and the resulting outcome could be studied. Currently, Jensen and co-
workers have shown that low phosphate condition induces the expression of PhoB-
dependent rhlR, pqsR and phzA1/A2 which translates into an increase of pyocyanin 
production (Jensen et al., 2006), linking environmental and cell density-dependent 
cues. Further, studies on P. aeruginosa virulence towards the nematode C. elegans 
revealed that phosphate limitation resulted in hyper-virulence, owing to the induction 
of PhoB, PqsR-PQS and the pyoverdine siderophore (Zaborin et al., 2009). These two 
studies provided the evidence that under phosphate limitation, the PhoB-PhoR two-
component system played a significant role in upregulating quorum sensing genes 
expression, an ability that was traditionally confined to LasIR. We wondered whether 
there exist more regulators or even secondary signaling circuits that regulates the PQS 
and rhl quorum sensing systems independent of LasR and have broader applications 
not only during low phosphate stress, but also iron and nutrient resource scarcity.  
This thesis therefore aims to identify the potential regulator and its functional 
counterpart(s), characterize them, and pinpoint the environmental and genetic 




This thesis is divided into 6 chapters. 
Chapter 1 gives an introduction to the subject of this study and reviews literature 
related to this field.  
Chapter 2 reports the positive regulatory role played by PA2305 enzyme product on 
the P. aeruginosa quorum sensing systems and its downstream phenotypes.  
Chapter 3 identifies the structure of the non-ribosomal peptide product Qrp 
controlled by the PA2305 cluster and confirms its effects in inducing quorum sensing.  
Chapter 4 describes pyochelin as the signaling intermediary in the control of PQS 
quorum sensing system by Qrp.  
Chapter 5 proposes Qrp and pyochelin to be part of the quorum sensing signal relay 
and highlights the importance of Qrp and pyochelin in non-standard conditions and 
clinical isolates.  
Chapter 6 provides the general conclusions and future work.  
 
 





A PUTATIVE PEPTIDE SIGNAL IS INVOLVED IN 
REGULATION OF P. AERUGINOSA VIRULENCE 
2.1 Introduction 
The opportunistic, gram negative bacterium Pseudomonas aeruginosa poses a 
great health risk to patients with cystic fibrosis (CF). CF is the result of a mutation 
sustained at the cystic fibrosis transmembrane conductance regulator (CFTR) gene, 
which eventually leads to the congestion of mucous and trapped bacteria in normally 
sterile lower airway. This environment forms a perfect breeding ground for many 
pulmonary pathogens, the most important and common of them being Pseudomonas 
aeruginosa, which quickly colonizes and invades the lung tissue, causing chronic 
pulmonary infection with high mortality rates (Winstanley and Fothergill, 2009). 
Usually present in human body, P. aeruginosa is harmless to healthy individuals. 
However, in the event of burn wounds or incarcerations on the skin, eye injuries, or in 
immune-compromised patients, the opportunistic pathogen can cause severe 
infections. The secret behind the numerous infectious portfolios of P. aeruginosa is 
believed to be related to its large genome and complex, inter-connected quorum 
sensing networks.  
 The mechanism by which bacteria communicate within their population and 
coordinates certain physiological responses when a desired density is reached is 
termed quorum sensing (QS). This process utilizes inter-cellular chemical signals that 
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increases in concentration with cell density, hence reflecting the state of the bacterial 
quorum. There are three known QS systems in P. aeruginosa, with two harnessing 
acylhomoserine lactones as signal molecules, and the last, operating on quinolone-
based derivatives. At the top of the QS signal hierarchy is the LasIR system, 
consisting of the signal synthase (LasI), which produces N-(3-
oxododecanoylhomoserine lactone (3-oxo-C12-HSL), and its cognate receptor (LasR). 
The 3-oxo-C12-HSL/LasR complex induces expression of lasI (positive feedback), 
multiple sets of genes (Las regulon), as well as the key genes in the RhlIR and PQS 
QS systems. On the receiving end of the hierarchy, the RhlIR system is similar to 
LasIR, except for the acylhomoserine lactone signal – N-butanoylhomoserine lactone 
(C4-HSL) in this case – which is synthesized by RhlI synthase and shorter in chain 
length compared to its 3-oxo-C12-HSL counterpart (Williams and Cámara, 2009). 
The intermediary PQS-PqsR system, utilizes the alkyl-quinolone based signal 2-
heptyl-3-hydroxy-4-quinolone (PQS), which is recognized by and activates the LysR-
type receptor-transcriptional regulator PqsR (MvfR). Formation of the PQS/PqsR 
complex triggers the gene expression of the PQS regulon, rhlR, and by positive 
feedback, pqsR and the PQS biosynthesis operon, pqsABCD (Dubern and Diggle, 
2008).  
The P. aeruginosa las and rhl quorum sensing systems controls a variety of 
important virulence factors such as elastase, alkaline protease, exotoxin A, 
rhamnolipids, pyocyanin, lectins, hydrogen cyanide and superoxide dismutase 
(Schuster et al., 2003; Smith and Iglewski, 2003), as well as biofilm formation 
(Davies et al., 1998). The PQS system has similarly been shown to affect biofilm 
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formation, pyocyanin, elastase, PA-IL lectin and rhamnolipids (Rahme et al., 1997, 
2000; Cao et al., 2000; Diggle et al., 2003). PQS is required for full virulence towards 
plants (Cao et al., 2001), nematodes (Gallagher et al., 2002) and mice models (Cao et 
al., 2001; Lau et al., 2004).  
From the above, it may seem that knocking out the las system will obliterate 
the quorum sensing-dependent virulence of P. aeruginosa. However, two recent 
reports seem to highlight the complexity and flexibility of bacterial virulence 
regulation mechanisms. The first described that phosphate starvation stress could 
enhance pyocyanin production by upregulation of PQS and RhlIR systems through 
PhoB (Jensen et al., 2006). The second paper concluded that RhlIR could circumvent 
the Las system in regulation of pyocyanin production under phosphate or iron 
limitation conditions (Dekimpe and Deziel, 2009). These findings seem to suggest the 
presence of an alternative signaling mechanism that controls virulence factor 
production under certain environmental conditions. 
Since PQS is above the RhlIR system in the quorum sensing hierarchy 
(Williams and Cámara, 2009; Dubern and Diggle, 2008), these findings present a 
sound basis for screening of upstream genes that affect pyocyanin production through 
the PQS system. Mutants were screened in our laboratory for alterations in pyocyanin 
production. The transposon mutant disrupted at PA2305 displayed a reduction in 
pyocyanin production (data not shown).  In this chapter, we showed that disruption of 
PA2305 led to downregulation of the PQS and RhlIR quorum sensing systems and 
decreased production of pyocyanin and elastase. This was translated into an 
attenuation of virulence towards nematodes, mammalian cells and zebrafish. A global 
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genetic analysis on the regulon of PA2305 revealed 366 differentially regulated genes, 
of which 81 and 103 were co-regulated by PqsA and LasI, respectively. Deletion of 
PA2302, which shares the same operon with PA2305 and also encodes a non-
ribosomal peptide synthase, also showed similar phenotype changes as the mutant of 
PA2305. Given that PA2302/PA2305 encode enzymes rather than regulatory proteins, 
it is highly possible that a putative peptide signal is associated with the regulation of 
PQS and Rhl systems.  
 
2.2 Materials and methods  
2.2.1 Bacterial strains, growth conditions and plasmids used 
The bacterial strains and plasmids used in this study are listed in Table 2-1. The P. 
aeruginosa bacteria cells were cultured in Luria Bertani medium (LB; 10 g of 
tryptone (Becton Dickinson), 5 g of yeast extract (Becton Dickinson), and 10 g of 
NaCl per liter of H2O) and LB agar (LB containing 1.5% w/v agar) at 37oC. Liquid 
cultures were shaken at 250 revolutions per minute (rpm). The antibiotic carbenicillin 





Table 2-1. Bacteria strains and plasmids used in this study 
 
Strain Characteristics Reference or source 
   





F- φ80dlacZΔM15 Δ(lacZYA-argF)U169 
deoR recA1endA1 hsdR17(rk-, mk+) supE44, 






S17-1 λpir TpR SmR recA, thi, pro, hsdR-M+RP4: 2-
Tc:Mu: Km Tn7 λpir 
Lab 
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P. aeruginosa standard lab strain  
 





















ΔPA2305, containing the vector pUCP19 
vector  
 
PAO1 with Tn5 transposon inserted in PA2305 
 
PAO1 (ΔPA2302); PA23052 deleted strain 
 











   











E. coli-Pseudomonas aeruginosa shuttle vector 
derived from pUC19; Cbr 
 
pUCP19 vector bearing the open reading frame 































pK18-mobsacB with Gmr cassette inserted in 
NcoI site; Gmr  
 
pK18-Gm-mobsacB containing the PA2305 
flanking region with the gene being deleted in-
frame  
 
pK18-Gm-mobsacB containing the PA2302 















Abbreviations: Cbr, carbenicillin resistant; Knr, kanamycin resistant; Gmr, gentamicin 
resistant; tn, transposon.  
 
 
2.2.2 Genetic deletion and complementation  
 
To carry out the in-frame deletion of PA2305, the suicide vector pK18-Gm-mobsacB 
was ligated with the products amplified with primer pairs del-pa2305UpF/UpR, and 
del-pa2305DnF/DnR (Table 2-2). Both the vector and insert were digested with the 
restriction enzymes EcoRI and XbaI. The resultant pK18-delPA2305 construct was 
screened by PCR and confirmed by sequencing. Deletion of the internal sequence of 
PA2305 encoding the peptide from the 191st to the 1059th amino acid was carried out 
by allelic exchange following instructions described previously (Slater et al., 2000). 
The transconjugants were further screened by PCR using the ctrPA2305F/R primers, 
and the deletion strains were hence identified and selected.  
Complementation of the Δ2305 mutant was carried out by fusing the promoter 
regions and coding region of PA2305 and inserting into the E. coli-Pseudomonas 
shuttle vector pUCP19 driven by the lac promoter. The PA2305 insert was amplified 
by PCR using the primers com-PA2305F/R (Table 2-2). The vector and insert were 
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digested and subsequently ligated, whereupon the ligation mixture was transformed 
into E. coli DH5α. The constructs were verified by colony PCR and sequencing, and 
transformed into the Δ2305 mutant. Transformants were selected on LB agar plates 
containing 300 µg/ml of carbenicillin.  
Using the same approaches, the mutant ∆2302 was generated with the primers 
listed in Table 2-2, and cross-complemented with the construct pUCP-PA2302 
described in Table 2-1. 
 
 
Table 2-2. PCR primers used in this study 
Primer Sequence 
























2.2.3 Pyocyanin extraction and quantification  
P. aeruginosa strains were grown on low phosphate Pseudomonas medium P (PA; 20 
g of pancreatic digest of gelatin (Difco), 1.4 g MgCl2 (Sigma), and 10 g K2SO4 
(Sigma) per liter of H2O) overnight with shaking in aerated erlen-meyer flasks at 
37oC. Pyocyanin extraction was performed in accordance with Dong et al. (Dong et 
al., 2008). Briefly, 3 ml of chloroform was added to 5 ml of culture supernatants and 
shaken vigorously for 30 mins at room temperature. The solvent phase was retained 
and mixed with 1 ml of 0.2 N HCl and shaken for an additional 30 mins. The quantity 
of pyocyanin was determined by measurement of absorbance at 520 nm and 
normalization against cell density.   
 
2.2.4 Elastase assay 
The elastase production level of P. aeruginosa strains was assayed by elastin-Congo 
red (Sigma) assay with minor modifications (Ohman et al., 1980). Briefly, liquid 
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cultures of P. aeruginosa were grown at 37oC for 8 hours with shaking at 250 rpm. A 
500 μl aliquot of bacterial supernatants were added to equivolumes of 5 mg/ml 
elastin-Congo red in ECR buffer mix and incubated for 2 hours at 37oC. The amount 
of Congo red dye released from the digested elastin is directly proportional to the 
elastase level in the supernatant and was determined by spectrophotometry at A520.  
 
2.2.5 PQS extraction and thin layer chromatography (TLC) 
PQS was extracted from the cell-free supernatants of P. aeruginosa overnight liquid 
cultures based on the method developed by Diggle et al. (Diggle et al., 2003). Briefly, 
5 ml of cell-free supernatants were mixed with equi-volumes of 1% acidified ethyl 
acetate and shaken at room temperature at 250 rpm, after which the mixture was 
centrifuged briefly at 10,000 rpm to accelerate the phase-separation process. The 
upper organic phase was taken, air-dried and resuspended in 100 μl of methanol, of 
which 10 μl was loaded onto thin layer chromatography plates (Silica 60 F254 plate, 
10 x 20 cm; Merck), pre-activated according to instructions by Dong et al (Dong et 
al., 2008). Chromatography was carried out with an isocratic separation buffer 
consisted of 95:5 dichloromethane-methanol. When separation was completed, the 
plates were air-dried and imaged with the UV transilluminator and imager 
AlphaImager (Alpha Innotech) at wavelength of 365 nm. With synthetic PQS as a 
standard, sample spots on the chromatogram corresponding to the Rf of PQS were 
analyzed by the AlphaImager (Alpha Innotech) spot densitometry software and 




2.2.6 AHL reporter bioassay  
The short chain C4HSL (N-butanoyl-l-homoserine lactone, BHL) was assayed using 
the biosensor strain Chromobacterium violaceum CV026 (McClean et al., 1997), that 
was grown overnight in liquid LB medium at 28oC. The culture was added to molten 
LB agar (42oC) at 2% v/v. Wells of approximately 2-mm in diameter were punched 
aseptically into agar plate and into which 2 µl of extracts (used for PQS TLC, section 
2.2.5) were loaded. The plates were incubated at 28oC overnight and the diameter and 
intensity of the purple halo surrounding the well was observed. The long chain 3-O-
C12-HSL (N-3-oxo-dodecanoyl-L-homoserine lactone, OdDHL) was assayed using 
methods described in Zhang et al (Zhang et al., 2007).  
 
2.2.7 RNA extraction, microarray analysis and real-time PCR  
P. aeruginosa was grown in LB medium till the OD600 reached 1.5. Total RNA was 
isolated using the RNeasy mini kit (Qiagen) according to the manufacturer’s 
instructions. The RNA purity and integrity following genomic DNA digestion 
(DNase I Recombinant, Roche) were assessed by UV spectrophotometry and gel 
electrophoresis, respectively. Microarray analysis was conducted using P. aeruginosa 
3’IVT gene chips (Affymetrix). cDNA was synthesized from the isolated total RNA 
using SuperScript II reverse transcriptase (Invitrogen) and random primers 
(Invitrogen). Biotin-ddUTP (Affymetrix) was used to terminally label the cDNA 
product. Hybridization, washing and staining were conducted according to the 
manufacturer’s instructions (Affymetrix), and the genechips were scanned with the 
Affymetrix probe array scanner and the data analyzed with the RMA statistical 
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method available on the Expression Console™ microarray analysis software platform 
(Affymetrix). The experiments were repeated twice with a different batch of RNA 
each time. The same corresponding batch of total RNA was used for real-time PCR 
analysis using the QuantiTect SYBR Green PCR kit (Qiagen) on the LightCycler® 
4.0 system (Roche) according to manufacturer’s instructions.  
 
2.2.8 A549 cytotoxicity assay  
The cytotoxicity effect of P. aeruginosa was assayed using human lung adenoma 
A549 cell lines. Freshly passaged A549 cells were grown in DMEM cell culture 
medium (Invitrogen) supplemented with 1% FBS (Gibco) and 1% L-glutamine, 
seeded into 96-well tissue culture plates at 37oC in CO2 for 18 hours till 80-90% 
monolayer confluency (6.25 X 104 cells). The supernatants were removed and washed 
once with sterile PBS. Meanwhile P. aeruginosa cells were grown till OD600=1.0, 
pelleted and washed once with sterile PBS. They were then diluted with DMEM to 
2.5 X 107 CFU per ml, where 100 µl of the bacteria-loaded DMEM were applied to 
the A549 cells, at a multiplicity of infection (MOI) of 50. The cells were exposed to 
the bacteria for 5 h before viability was assayed using a tetrazolium salt WST-8 that 
was converted into a yellow coloured WST-8 formazan product by dehydrogenases 
(CCK-8, Dojindo Molecular Technologies). Since the intensity of yellow pigment 
was directly proportional to the amount of viable cells post infection, cytotoxicity of 




2.2.9 Caenorhabditis elegans maintenance and nematode killing model  
The wild type nematode Caenorhabditis elegans were maintained according to 
Stiernagle (Stiernagle, 2006), and the worm killing assays were adapted from Tan et. 
al (Tan et al., 1999). The P. aeruginosa cultures were grown in LB at 37oC for 16 
hours and 10 μl of the liquid culture was dotted onto the centre of the PGS (fast-
killing) or NG (slow-killing) agar plates and allowed to dry thoroughly. In this study, 
50 μM of floxuridine (FudR, Sigma) were added into the NG agar plates which were 
used for the growing and seeding of worms for the slow killing assay. This was to 
inhibit the hatching of nematode eggs proposed by Houthhoofd et. al. (Houthoofd et 
al., 2004). E. coli OP50 strain culture was similarly dotted and used as negative 
control. The plates were incubated at 37oC overnight and allowed to cool for at least 2 
hours at room temperature before 20-30 of L4 stage or adult hermaphrodite worms 
were seeded. The plates were kept at 25oC and live worms scored at every 6 hours or 
otherwise indicated. Each trial was done in triplicates.  
 
2.2.10 Zebrafish Danio rerio killing model  
Six-month old adults of zebrafish Danio rerio of similar body mass were used for this 
virulence assay with P. aeruginosa. Thirty microliters of bacterial cultures grown to 
an OD600 of 1.5 were injected into the peritoneum of each fish using a 1-ml tuberculin 
syringe and a 30.5 gauge Precision Glide® needle (Becton Dickinson). Equal 
volumes of phosphate buffered saline (PBS) were used as mock control. The fish was 
scored daily for mortality and dead fishes removed immediately. Ten fishes were 
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used per treatment with P. aeruginosa strains, 5 for the PBS mock control, and the 
experiment was repeated three times.  
 
2.2.11 Media conditioning with cell-free culture supernatant 
Strains PAO1 and Δ2305 were cultured in liquid LB medium, shaken at 250 r.p.m. at 
37oC for 16 h. The growth was normalized to OD600=2.5 and cultures centrifuged to 
pellet the bacteria cells. The supernatant was obtained and subsequently filtered with 
a 0.22 µM membrane (Nalgene), and added at 20% v/v of total culture volume with 
fresh LB. The Δ2305 mutant was freshly inoculated and cultured for a further 16 h, 
after which the PQS signal was extracted and quantified as per described in 2.2.5. 
 
2.3 Results  
2.3.1 Disruption of PA2305 in P. aeruginosa caused a reduction in pyocyanin and 
elastase production  
To determine whether there is a putative signaling mechanism that controls 
pyocyanin production under low phosphate conditions, a genome-wide random 
transposon mutagenesis was conducted on P. aeruginosa wild type PAO1 
Pseudomonas agar P (PA) medium. Mutants were screened for alterations in 
pyocyanin production. The mutant M435 disrupted at PA2305 displayed a reduction 
in pyocyanin production (Fig. 2-1A). PA2305 has recently been identified as one of 
the biosynthetic genes encoding the production of the antimetabolite L-2-Amino-4-
methoxy-trans-3-butenoic acid (AMB), and named as ambB (Lee et al., 2010). It is 
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the first gene of the PA2305-2301 operon and encodes a non-ribosomal peptide 
synthetase (NRPS) (More details are discussed in later sections; Fig. 2-7A). In-frame 
deletion of PA2305 was created and subsequently complemented in trans. The 
resultant strains were then assayed for pyocyanin and elastase production. Elastase is 
a potent enzyme secreted by P. aeruginosa that causes damage in host tissues 
(Ohman et al., 1980). Compared to PAO1, the deletion mutant Δ2305 displayed a 
substantial reduction in pyocyanin and elastase production (Fig. 2-1A and 2-1B), 
which were restored to wild type levels in the complemented strain Δ2305(PA2305).  
 
2.3.2 PA2305 gene product positively regulates the PQS and BHL quorum 
sensing system  
Since pyocyanin and elastase are the virulence determinants controlled by P. 
aeruginosa quorum sensing (QS) systems, we investigated if the observed reduction 
in these factors was stemmed from a disruption in the QS circuitry. All three known 
QS signals in P. aeruginosa were tested. The most dramatic disruption occurred in 
the PQS system. The PQS production of Δ2305 was compared with that of wild type 
via thin layer chromatography (TLC) and the mutant showed over 65% reduction in 
PQS level (Fig. 2-2). PQS production was significantly enhanced in the 
complemented strain Δ2305(PA2305), confirming that the reduction of PQS 
production was indeed due to the disruption of PA2305. Production of the short-chain 
autoinducer signal C4HSL was also reduced in Δ2305 compared to wild type PAO1; 
the complementation strain Δ2305(PA2305) had a similar production profile as wild 
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type (Fig. 2-3A). However, there was no change in long chain autoinducer 3-oxo-




                        
Fig. 2-1. Effect of PA2305 mutation on the production of virulence factors in P. 
aeruginosa. (A) Pyocyanin production in low phosphate medium. (B) Elastase 
production in standard LB medium. The data shown are the means of triplicates and 




2.3.3 Disruption of PA2305 lead to down-regulation of PQS controlled genes  
To understand the regulon of PA2305, we used Affymetrix Genechip 
microarray technology for gene expression analysis between wild type PAO1 and the 
Δ2305 mutant. The disruption of PA2305 resulted in downregulation of 189 genes by 
more than 1.5-fold, and 179 genes were upregulated by more than 1.5-fold (Table 2-
3). The downregulated genes could be classified into the following functional classes: 
(1) adaptation, protection; (2) metabolism; (3) membrane proteins; (4) putative 
enzymes; (5) secreted factors; (6) transcriptional regulators; (7) translation, post-
translational modification, degradation; (8) transport of small molecules; (9) 
hypothetical proteins and (10) related to phage, transposon or plasmid. The genes that 
were upregulated as a result of disruption of PA2305 are functionally differentiated as 
follows: (1) adaptation, protection; (2) metabolism; (3) cell wall/ LPS/ capsule 
synthesis; (4) chaperones and heat shock proteins; (5) chemotaxis; (6) membrane 
proteins; (7) motility and attachment; (8) putative enzymes; (9) transcriptional 
regulators; (10) translation, post-translational modification, degradation; (11) 
transport of small molecules; (12) two-component regulatory systems and (13) 
hypothetical proteins. More detailed information on the identity of the genes, fold 
change and function class are provided in Table 2-3.  
Consistent with the results of biochemical analysis (Fig. 2-1, Fig. 2-2, Fig. 2-
3), the transcript level of PQS biosynthesis operon pqsABCD, pqsE, pqsL, phnAB and 
pqsH were downregulated by up to 2.3 fold; the PQS-controlled genes lasB, the phz 
gene cluster for pyocyanin biosynthesis, hcnAB, rhlIR, and the rhl QS system-
controlled rhlABC genes were also downregulated. The microarray data were verified 
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by real time RT-PCR using two representative genes phzF2 and lasB (Fig. 2-4). This 
provides further support on the role of PA2305 in positive regulation of the PQS 
system.  
Further, to determine whether the regulons of PA2305, lasI and pqsA overlap, 
microarray analysis was also conducted using the ΔlasI and ΔpqsA mutants and the 
data cross-referenced with published results. We are pleased to note that our data are 
consistent with those by Schuster (las regulon; Schuster et al., 2003) and Deziel (PQS 
regulon; Deziel et al., 2004). Then, all three sets of differentially regulated genes 
were analyzed and the common genes identified (Table 2-4A and B). Fig. 2-5 
presents a graphical overview of the overlapping genes that were differentially 
regulated between Δ2305, ΔlasI and ΔpqsA. From the analysis, 51 genes were co-
regulated by all three PA2305, the las and PQS quorum sensing systems (i.e. 
ΔlasI∩Δ2305∩ΔpqsA), and the functional classes they belong to were also listed in 
Fig. 2-5. Of these genes, 21 were known to be part of the PQS regulon from previous 





                                  
Fig. 2-2. Effect of PA2305 deletion on PQS production. PQS extracted from PAO1, 
Δ2305 and Δ2305(PA2305) were separated by thin layer chromatography (TLC) and 
PQS spots were quantified by spot densitometry. The data shown are the means of 










Fig. 2-3. Effect of PA2305 disruption on C4-HSL production. (A) C4-HSL signal 
extracted from PAO1, Δ2305 and Δ2305(PA2305) as seen on the bioreporter assay 
plate. Quantification of relative C4-HSL production levels from the diameter of the 
purple halo on the bioreporter assay plate. (B) 3-oxo-C12-HSL extracted from PAO1, 
Δ2305 and Δ2305(PA2305). The data shown are the means of two repeats and the 





Table 2-3. The genes differentially expressed between P. aeruginosa PAO1 versus 






change PseudoCAP function class 
   Adaptation, protection  
PA4613 katB -3.1 Adaptation, protection 
PA0848   -3 Adaptation, protection; Putative enzymes 
PA1150 pys2 -2.8 
Adaptation, protection; Secreted Factors (toxins, 
enzymes, alginate) 
PA3477 rhlR -2.4 Adaptation, protection; Transcriptional regulators 
PA1001 phnA -2.2 Adaptation, protection 
PA3476 rhlL -2.2 Adaptation, protection 
PA1002 phnB -2.2 
Adaptation, protection; Amino acid biosynthesis and 
metabolism 
PA1431 rsaL -2.2 
Adaptation, protection; Transcriptional regulators; 
Secreted Factors (toxins, enzymes, alginate) 
PA3331   -1.6 
Adaptation, protection; Carbon compound 
catabolism 
PA3866   -1.6 
Adaptation, protection; Secreted Factors (toxins, 
enzymes, alginate) 
PA3327   -1.5 Adaptation, protection 
PA1151 imm2 -1.4 Adaptation, protection 
PA1561 aer 1.7 Adaptation, protection; Chemotaxis 
PA4290   3.5 Adaptation, protection; Chemotaxis 
   Metabolism 
PA3570 mmsA -6.1 




Amino acid biosynthesis and metabolism; Carbon 
compound catabolism; Fatty acid and phospholipid 
metabolism 
PA2446 gcvH2 -1.9 Amino acid biosynthesis and metabolism 
PA0266 gabT 
-1.8 
Amino acid biosynthesis and metabolism; Carbon 
compound catabolism; Central intermediary 
metabolism 
PA5415 glyA1 -1.7 Amino acid biosynthesis and metabolism 
PA1757 thrH -1.7 Amino acid biosynthesis and metabolism 
PA0132   -1.6 Amino acid biosynthesis and metabolism 
PA1999   -1.6 
Amino acid biosynthesis and metabolism; Carbon 
compound catabolism 
PA2000   -1.6 
Amino acid biosynthesis and metabolism; Carbon 
compound catabolism 




PA2443 sdaA -1.5 Amino acid biosynthesis and metabolism 
PA2444 glyA2 -1.3 Amino acid biosynthesis and metabolism 
PA5172 arcB 1.5 Amino acid biosynthesis and metabolism 
PA5171 arcA 1.6 Amino acid biosynthesis and metabolism 
PA0164   1.6 Amino acid biosynthesis and metabolism 
PA5039 aroK 1.6 Amino acid biosynthesis and metabolism 
PA5495 thrB 1.7 Amino acid biosynthesis and metabolism 
PA5429 aspA 1.7 Amino acid biosynthesis and metabolism 
PA5170 arcD 1.8 
Amino acid biosynthesis and metabolism; 
Membrane proteins; Transport of small molecules 
PA0782 putA 7.4 Amino acid biosynthesis and metabolism 
PA1674 folE2 -1.3 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA4919 pncB1 1.6 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA1986 pqqB 1.6 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA1988 pqqD 1.8 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA1987 pqqC 1.9 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA1546 hemN 2.1 
Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA3569 mmsB -4.7 Carbon compound catabolism 
PA2513 antB -3.7 Carbon compound catabolism 
PA3366 amiE -3 Carbon compound catabolism 
PA4590 pra -3 
Carbon compound catabolism; Transport of small 
molecules 
PA3710   -2.9 Carbon compound catabolism 
PA5410   -2.9 Carbon compound catabolism 
PA2512 antA -2.6 Carbon compound catabolism 
PA0155 pcaR -2.5 
Carbon compound catabolism; Transcriptional 
regulators 
PA4091 hpaA -2 Carbon compound catabolism 
PA5416 soxB -1.9 Carbon compound catabolism 
PA2300 chiC -1.3 Carbon compound catabolism 
PA0835 pta 1.5 Carbon compound catabolism 
PA5110 fbp 1.5 
Carbon compound catabolism; Central intermediary 
metabolism 
PA4025   1.6 Carbon compound catabolism 
PA0795 prpC 1.6 




PA0796 prpB 1.9 
Carbon compound catabolism; Central intermediary 
metabolism; Fatty acid and phospholipid metabolism 
PA5427 adhA 2.1 Carbon compound catabolism; Energy metabolism 
PA3193 glk 2.1 Carbon compound catabolism; Energy metabolism 
PA3181   3.2 
Carbon compound catabolism; Central intermediary 
metabolism 
PA0887 acsA 3.3 
Carbon compound catabolism; Central intermediary 
metabolism 
PA3183 zwf 3.9 Carbon compound catabolism; Energy metabolism 
PA3337 rfaD 2 Cell wall / LPS / capsule 
PA5421 fdhA -2.9 Central intermediary metabolism 
PA2193 hcnA -2.3 Central intermediary metabolism 
PA2194 hcnB -2.1 Central intermediary metabolism 
PA2001 atoB -1.7 
Central intermediary metabolism; Fatty acid and 
phospholipid metabolism 
PA0363 coaD -1.4 Central intermediary metabolism 
PA4130   -1.2 Central intermediary metabolism 
PA2195 hcnC -1.1 Central intermediary metabolism 
PA4024 eutB 1.6 Central intermediary metabolism 
PA3452 mqoA 1.7 
Central intermediary metabolism; Energy 
metabolism 
PA3561 fruK 1.8 
Central intermediary metabolism; Transport of small 
molecules 
PA0195 pntA -3.4 Energy metabolism; Transport of small molecules 
PA3930 cioA -1.6 Energy metabolism 
PA1176 napF -1.3 Energy metabolism 
PA0107   -1.1 Energy metabolism 
PA4133   -1.1 Energy metabolism 
PA1317 cyoA 1.5 Energy metabolism 
PA2624 idh 1.6 Energy metabolism 
PA1555   1.6 Energy metabolism 
PA3879 narL 1.6 
Energy metabolism; Two-component regulatory 
systems 
PA4587 ccpR 1.7 Energy metabolism 
PA0794   1.7 Energy metabolism 
PA4812 fdnG 1.7 Energy metabolism 
PA4811 fdnH 1.8 Energy metabolism 
PA4810 fdnI 2.1 Energy metabolism 
PA0519 nirS 2.2 Energy metabolism 
PA3194 edd 2.5 Energy metabolism; Carbon compound catabolism 
PA3195 gapA 3 Energy metabolism; Carbon compound catabolism 
PA4571   3.4 Energy metabolism 
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PA0999 fabH1 -2.1 Fatty acid and phospholipid metabolism 
PA3334   -1.7 Fatty acid and phospholipid metabolism 
PA2557   -1.6 Fatty acid and phospholipid metabolism 
PA3333 fabH2 -1.6 Fatty acid and phospholipid metabolism 
PA1869   -1.5 Fatty acid and phospholipid metabolism 
PA0849 trxB2 -1.6 Nucleotide biosynthesis and metabolism 
PA0403 pyrR 1.5 
Nucleotide biosynthesis and metabolism; 
Transcriptional regulators 
   Hypothetical proteins 
PA0446   -4 Hypothetical, unclassified, unknown 
PA3661   -3.5 Hypothetical, unclassified, unknown 
PA0910   -3.3 Hypothetical, unclassified, unknown 
PA5314   -3.2 Hypothetical, unclassified, unknown 
PA2366   -3 Hypothetical, unclassified, unknown 
PA2381   -3 Hypothetical, unclassified, unknown 
PA3922   -3 Hypothetical, unclassified, unknown 
PA4220   -2.9 Hypothetical, unclassified, unknown 
PA0050   -2.9 Hypothetical, unclassified, unknown 
PA0997   -2.2 Hypothetical, unclassified, unknown 
PA1130   -2.1 Hypothetical, unclassified, unknown 
PA1000   -2.1 Hypothetical, unclassified, unknown 
PA4714   -1.9 Hypothetical, unclassified, unknown 
PA2318   -1.9 Hypothetical, unclassified, unknown 
PA1894   -1.8 Hypothetical, unclassified, unknown 
PA3923   -1.8 Hypothetical, unclassified, unknown 
PA2780   -1.8 Hypothetical, unclassified, unknown 
PA2781   -1.8 Hypothetical, unclassified, unknown 
PA3287   -1.8 Hypothetical, unclassified, unknown 
PA0614   -1.7 Hypothetical, unclassified, unknown 
PA4121   -1.7 Hypothetical, unclassified, unknown 
PA3785   -1.7 Hypothetical, unclassified, unknown 
PA1571   -1.6 Hypothetical, unclassified, unknown 
PA2367   -1.6 Hypothetical, unclassified, unknown 
PA2423   -1.6 Hypothetical, unclassified, unknown 
PA2365   -1.6 Hypothetical, unclassified, unknown 
PA0911   -1.6 Hypothetical, unclassified, unknown 
PA4625   -1.6 Hypothetical, unclassified, unknown 
PA0855   -1.6 Hypothetical, unclassified, unknown 
PA4515   -1.6 Hypothetical, unclassified, unknown 
PA3332   -1.6 Hypothetical, unclassified, unknown 
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PA3335   -1.6 Hypothetical, unclassified, unknown 
PA1896   -1.5 Hypothetical, unclassified, unknown 
PA0615   -1.5 Hypothetical, unclassified, unknown 
PA5220   -1.4 Hypothetical, unclassified, unknown 
PA0613   -1.4 Hypothetical, unclassified, unknown 
PA4294   -1.2 Hypothetical, unclassified, unknown 
PA2372   -1.1 Hypothetical, unclassified, unknown 
PA3361   -1.1 Hypothetical, unclassified, unknown 
PA0026   -1 Hypothetical, unclassified, unknown 
PA3614   1.5 Hypothetical, unclassified, unknown 
PA1673   1.5 Hypothetical, unclassified, unknown 
PA5228   1.5 Hypothetical, unclassified, unknown 
PA4965   1.5 Hypothetical, unclassified, unknown 
PA5017   1.5 Hypothetical, unclassified, unknown 
PA0047   1.5 Hypothetical, unclassified, unknown 
PA4611   1.5 Hypothetical, unclassified, unknown 
PA2753   1.5 Hypothetical, unclassified, unknown 
PA5139   1.5 Hypothetical, unclassified, unknown 
PA4610   1.5 Hypothetical, unclassified, unknown 
PA4605   1.5 Hypothetical, unclassified, unknown 
PA4792   1.5 Hypothetical, unclassified, unknown 
PA4746   1.5 Hypothetical, unclassified, unknown 
PA2630   1.6 Hypothetical, unclassified, unknown 
PA4620   1.6 Hypothetical, unclassified, unknown 
PA4523   1.6 Hypothetical, unclassified, unknown 
PA4348   1.6 Hypothetical, unclassified, unknown 
PA3982   1.6 Hypothetical, unclassified, unknown 
PA1076   1.6 Hypothetical, unclassified, unknown 
PA5494   1.6 Hypothetical, unclassified, unknown 
PA3971   1.6 Hypothetical, unclassified, unknown 
PA3009   1.7 Hypothetical, unclassified, unknown 
PA3613   1.7 Hypothetical, unclassified, unknown 
PA0201   1.8 Hypothetical, unclassified, unknown 
PA4328   1.8 Hypothetical, unclassified, unknown 
PA0793   1.8 Hypothetical, unclassified, unknown 
PA1197   1.8 Hypothetical, unclassified, unknown 
PA5475   1.8 Hypothetical, unclassified, unknown 
PA1746   1.9 Hypothetical, unclassified, unknown 
PA5208   1.9 Hypothetical, unclassified, unknown 
PA4352   1.9 Hypothetical, unclassified, unknown 
PA0526   1.9 Hypothetical, unclassified, unknown 
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PA4116   1.9 Hypothetical, unclassified, unknown 
PA3880   1.9 Hypothetical, unclassified, unknown 
PA5027   2 Hypothetical, unclassified, unknown 
PA2754   2 Hypothetical, unclassified, unknown 
PA0529   2 Hypothetical, unclassified, unknown 
PA4577   2.1 Hypothetical, unclassified, unknown 
PA2330   2.1 Hypothetical, unclassified, unknown 
PA2567   2.1 Hypothetical, unclassified, unknown 
PA0141   2.2 Hypothetical, unclassified, unknown 
PA1203   2.2 Hypothetical, unclassified, unknown 
PA2384   2.3 Hypothetical, unclassified, unknown 
PA3233   2.5 Hypothetical, unclassified, unknown 
PA2127   2.5 Hypothetical, unclassified, unknown 
PA1333   2.7 Hypothetical, unclassified, unknown 
PA3182   3.1 Hypothetical, unclassified, unknown 
PA2410   3.8 Hypothetical, unclassified, unknown 
PA2405   4.4 Hypothetical, unclassified, unknown 
PA5507   19.9 Hypothetical, unclassified, unknown 
PA5509   21.5 Hypothetical, unclassified, unknown 
PA5506   23 Hypothetical, unclassified, unknown 
PA4224   -2.9 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA4205   -1.8 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA1895   -1.6 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA2306   -1.6 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA3115   1.5 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA2501   1.6 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA2026   1.7 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA3465   1.8 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA2331   2.1 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA3278   2.3 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA2403   2.7 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA3235   2.7 




PA2404   3.9 
Hypothetical, unclassified, unknown; Membrane 
proteins 
PA1901  phzC2 -2.6 
Hypothetical, unclassified, unknown; Secreted 
Factors (toxins, enzymes, alginate) 
   
Membrane proteins; Transport of small 
molecules 
PA0985   -3.2 
Membrane proteins; Secreted Factors (toxins, 
enzymes, alginate) 
PA1897   -1.7 
Membrane proteins; Hypothetical, unclassified, 
unknown 
PA4218   -1.7 Membrane proteins; Transport of small molecules 
PA2004   -1.5 Membrane proteins 
PA4223   -1.5 Membrane proteins; Transport of small molecules 
PA1429   1.6 Membrane proteins; Transport of small molecules 
PA5207   1.6 Membrane proteins; Transport of small molecules 
PA0282 cysT 1.6 Membrane proteins; Transport of small molecules 
PA5530   1.6 Membrane proteins; Transport of small molecules 
PA3876 narK2 1.7 Membrane proteins; Transport of small molecules 
PA0789   1.8 Membrane proteins; Transport of small molecules 
PA1541   2 Membrane proteins; Transport of small molecules 
PA3839   2.2 Membrane proteins; Transport of small molecules 
PA0281 cysW 2.3 Membrane proteins; Transport of small molecules 
PA3234   3 Membrane proteins; Transport of small molecules 
PA0783 putP 3.3 Membrane proteins; Transport of small molecules 
PA5510   3.4 Membrane proteins; Transport of small molecules 
PA3877 narK1 3.8 Membrane proteins; Transport of small molecules 
PA2409   5.3 Membrane proteins; Transport of small molecules 
   Motility & attachment 
PA5044 pilM 1.5 Motility & attachment 
PA5042 pilO 1.5 Motility & attachment 
PA1101 fliF 1.5 Motility & Attachment; Cell wall / LPS / capsule 
PA5041 pilP 1.7 Motility & attachment 
PA4527 pilC 1.7 Motility & attachment 
PA2407   4.8 Motility & attachment 
   Putative enzymes 
PA2305   -3.5 Putative enzymes 
PA4217  phzS1 -3.5 Putative enzymes 
PA4209  phzM -3.1 Putative enzymes 
PA5313   -2.9 Putative enzymes 
PA2069   -2.9 Putative enzymes 
PA0998   -2.3 Putative enzymes 
PA0996   -2.3 Putative enzymes 
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PA4190   -2.3 Putative enzymes 
PA0051   -2.2 Putative enzymes 
PA2587   -2.2 Putative enzymes 
PA2939   -1.9 Putative enzymes 
PA0745   -1.9 Putative enzymes 
PA0744   -1.8 Putative enzymes 
PA0746   -1.8 Putative enzymes 
PA3330   -1.7 Putative enzymes 
PA4175   -1.7 Putative enzymes 
PA0747   -1.7 Putative enzymes 
PA4073   -1.7 Putative enzymes 
PA3723   -1.6 Putative enzymes 
PA3328   -1.4 Putative enzymes 
PA3511   -1.2 Putative enzymes 
PA5084   -1.2 Putative enzymes 
PA2067   -1.1 Putative enzymes 
PA4889   1.5 Putative enzymes 
PA3972   1.5 Putative enzymes 
PA4621   1.6 Putative enzymes 
PA1920   1.6 Putative enzymes 
PA0545   1.7 Putative enzymes 
PA4943   1.7 Putative enzymes 
PA2119   1.8 Putative enzymes 
PA1137   2.6 Putative enzymes 
PA1202   3 Putative enzymes 
PA5445   3.8 Putative enzymes 
PA5508   20 Putative enzymes 
   Related to phage, transposon, or plasmid 
PA0644   -3.3 Related to phage, transposon, or plasmid 
PA0632   -3.1 Related to phage, transposon, or plasmid 
PA0637   -3.1 Related to phage, transposon, or plasmid 
PA0648   -3.1 Related to phage, transposon, or plasmid 
PA0647   -3 Related to phage, transposon, or plasmid 
PA0635   -2.9 Related to phage, transposon, or plasmid 
PA0622   -2.9 Related to phage, transposon, or plasmid 
PA0643   -1.9 Related to phage, transposon, or plasmid 
PA0638   -1.9 Related to phage, transposon, or plasmid 
PA0627   -1.8 Related to phage, transposon, or plasmid 
PA0631   -1.8 Related to phage, transposon, or plasmid 
PA0629   -1.8 Related to phage, transposon, or plasmid 
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PA0620   -1.8 Related to phage, transposon, or plasmid 
PA0618   -1.8 Related to phage, transposon, or plasmid 
PA0623   -1.7 Related to phage, transposon, or plasmid 
PA0621   -1.7 Related to phage, transposon, or plasmid 
PA0617   -1.7 Related to phage, transposon, or plasmid 
PA0616   -1.7 Related to phage, transposon, or plasmid 
PA0624   -1.7 Related to phage, transposon, or plasmid 
PA0646   -1.7 Related to phage, transposon, or plasmid 
PA0636   -1.6 Related to phage, transposon, or plasmid 
PA0633   -1.6 Related to phage, transposon, or plasmid 
PA0626   -1.6 Related to phage, transposon, or plasmid 
PA0625   -1.6 Related to phage, transposon, or plasmid 
PA0619   -1.6 Related to phage, transposon, or plasmid 
PA0634   -1.5 Related to phage, transposon, or plasmid 
PA0630   -1.5 Related to phage, transposon, or plasmid 
PA0628   -1.5 Related to phage, transposon, or plasmid 
PA0639   -1.5 Related to phage, transposon, or plasmid 
PA0645   -1.5 Related to phage, transposon, or plasmid 
PA0642   -1.2 Related to phage, transposon, or plasmid 
   Secreted factors  
PA1904 phzF2 -3.1 Secreted factors (toxins, enzymes, alginate) 
PA4211 phzB1 -3.1 Secreted factors (toxins, enzymes, alginate) 
PA1905 phzG2 -3.1 Secreted factors (toxins, enzymes, alginate) 
PA1903 phzE2  -2.9 Secreted factors (toxins, enzymes, alginate) 
PA1902 phzD2 -2.7 Secreted factors (toxins, enzymes, alginate) 
PA3479 rhlA -2.6 Secreted factors (toxins, enzymes, alginate) 
PA4231 pchA -2.6 
Secreted Factors (toxins, enzymes, alginate); 
Transport of small molecules 
PA4210  phzA1 -2.5 Secreted factors (toxins, enzymes, alginate) 
PA3478 rhlB -2.4 Secreted factors (toxins, enzymes, alginate) 
PA0852 cpbD -2 Secreted factors (toxins, enzymes, alginate) 
PA0263 hcpC -1.5 Secreted factors (toxins, enzymes, alginate) 
PA1250 aprI -1.3 Secreted factors (toxins, enzymes, alginate) 
   Transcriptional regulators 
PA1898   -2.1 Transcriptional regulators 
PA4227 pchR -2.1 Transcriptional regulators 
PA3622 rpoS -1.4 Transcriptional regulators 
PA2975 rluC 1.5 Transcription, RNA processing and degradation 
PA3721   1.6 Transcriptional regulators 
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PA4600 nfxB 1.6 Transcriptional regulators 
PA1978   1.6 Transcriptional regulators 
PA3973   1.6 Transcriptional regulators 
PA2432   1.9 Transcriptional regulators 
PA3458   1.9 Transcriptional regulators 
PA4596   2 Transcriptional regulators 
PA3192 gltR 2.2 
Transcriptional regulators; Two-component 
regulatory systems; Carbon compound catabolism 
PA0527 dnr 2.3 Transcriptional regulators 
PA1196   2.3 Transcriptional regulators 
   Translational control  
PA3724 lasB 
-3.2 
Translation, post-translational modification, 




Translation, post-translational modification, 
degradation; Secreted Factors (toxins, enzymes, 
alginate) 
PA3049 rmf -1.9 
Translation, post-translational modification, 
degradation 
PA5474   1.5 
Translation, post-translational modification, 
degradation 
PA5051 argS 1.5 
Translation, post-translational modification, 
degradation 
PA3114 truA 1.7 
Translation, post-translational modification, 
degradation 
   Transport of small molecules 
PA4221 fptA -3.1 Transport of small molecules 
PA4222   -2.9 Transport of small molecules 
PA3441   -2.9 Transport of small molecules 
PA4514   -1.6 Transport of small molecules 
PA3938   -1.6 Transport of small molecules 
PA4206   -1.6 Transport of small molecules 
PA0295   1.5 Transport of small molecules 
PA4770 lldP 1.5 Transport of small molecules 
PA2329   1.5 Transport of small molecules 
PA1947 rbsA 1.5 Transport of small molecules 
PA4466   1.6 Transport of small molecules 
PA2322   1.6 Transport of small molecules 
PA4023   1.6 Transport of small molecules 
PA0280 cysA 1.7 Transport of small molecules 
PA3186 oprB 1.7 Transport of small molecules 
PA2408   4.8 Transport of small molecules 
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PA3187   4.9 Transport of small molecules 
PA2398 fpvA 6.2 Transport of small molecules 
PA3188   9 Transport of small molecules 
PA3189   10.6 Transport of small molecules 
PA3190   10.6 Transport of small molecules 
PA4228 pchD -3.1 
Transport of small molecules; Secreted Factors 
(toxins, enzymes, alginate) 
PA4225 pchF -2.9 
Transport of small molecules; Secreted Factors 
(toxins, enzymes, alginate) 
PA4230 pchB -2.8 
Transport of small molecules; Secreted Factors 
(toxins, enzymes, alginate) 
PA4229 pchC -2.6 
Transport of small molecules; Secreted Factors 
(toxins, enzymes, alginate) 
PA4226 pchE -2.5 
Transport of small molecules; Secreted Factors 
(toxins, enzymes, alginate) 
PA5366 pstB 1.5 Transport of small molecules; Membrane proteins 
PA5231   1.8 Transport of small molecules; Membrane proteins 
PA3531 bfrB 1.9 Transport of small molecules; Adaptation, protection 
PA5230   1.9 Transport of small molecules; Membrane proteins 
   Two-component regulatory systems 
PA4494   1.6 Two-component regulatory systems 
PA4117   1.6 Two-component regulatory systems 
PA3191   1.7 Two-component regulatory systems 
PA3271   2.1 Two-component regulatory systems 
   Chaperones and chemotaxis proteins 
PA3221 csaA 1.6 
Chaperones & heat shock proteins; Protein 
secretion/export apparatus 
PA3810 hscA 1.8 Chaperones & heat shock proteins 






                      
Fig. 2-4.  Real-time PCR analysis of relative expression of phzF2 and lasB. The 
mRNA level of the two genes in PAO1 were defined as 100% against which the 
Δ2305 mutant was compared. The data are the means of two repeats and error bars 






2.3.4 Mutation of PA2305 attenuates the cytotoxicity of Pseudomonas aeruginosa 
To test the effect of PA2305 gene product on P. aeruginosa cytotoxicity, we 
used the human lung adenoma cell line A549 and subjected it to infection by PAO1, 
Δ2305 and Δ2305(PA2305). The percentage of viable A549 cells were assayed at 5 
hours post infection. The results indicated that disruption of PA2305 caused about 20% 
reduction in cytotoxicity, which was restored when the mutant was complemented 
with the wild type gene PA2305 (Fig. 2-6A).  
 
2.3.5 PA2305 is essential for the full virulence of P. aeruginosa on nematode  
We also employed the nematode Caenorhabditis elegans as a model organism to 
investigate the contribution of PA2305 on the virulence of P. aeruginosa. In fast 
killing assay, wild type PAO1 and the complement strain Δ2305(PA2305) caused 
almost 50% death of C. elegans within the first hour of exposure, whereas the mutant 
Δ2305 resulted in lower than 25% dead worms. By 42 hours post infection, 100% of 
C. elegans were killed by PAO1 and Δ2305(PA2305), whereas the killing rate of 
Δ2305 was stagnated at 60% (Fig. 2-6B). Similar trends were observed in the slow 
killing model, with the mutant Δ2305 being less virulent than the wild type and 





2.3.6 Deletion of PA2305 attenuates P. aeruginosa pathogenecity towards 
zebrafish 
To further assess the role of PA2305 in controlling P. aeruginosa 
pathogenesis, we subjected 6 months old adult zebrafish to infection by PAO1, Δ2305 
and Δ2305(PA2305). The results showed that 80% of fish injected with PAO1 died 
on the first day of infection, whereas the mortality of Δ2305-infected fish was only at 
20% on day 1 and subsequently stagnated at 40% from 5 days post infection (Fig. 2-
6D). The complemented strain Δ2305(PA2305) showed a stronger killing ability than 
the mutant Δ2305 with mortality being at 50% on day 1, 60% on day 2 and 70% from 




           
Fig. 2-5. Venn diagram showing the number of overlapping and unique genes that are 
differentially regulated by PA2305, LasI and PqsA. The values provided in 
parentheses denote the total number of genes that were differentially expressed by 
above 1.5-fold. The data was derived from two independent sets of microarray 





Table 2-4A. Identity and functional classification of overlapping genes positively 




















PA1001 phnA Adaptation, Protection -2.17 -19.86 -11.8 
PA3327  Adaptation, Protection -1.48 -9.57 -2.49 
PA3331  Adaptation, Protection ; 
Carbon compound 
catabolism 
-1.58 -44.37 -1.62 
PA1002 phnB Amino acid biosynthesis 
and metabolism ; 
Adaptation, Protection 
-2.16 -9.65 -6.81 
PA0996 pqsA Biosynthesis of cofactors, 
prosthetic groups and 
carriers 
-2.31 -6.46 -5.37 
PA0997 pqsB Biosynthesis of cofactors, 
prosthetic groups and 
carriers 
-2.21 -28.09 -20.68 
PA0998 pqsC Biosynthesis of cofactors, 
prosthetic groups and 
carriers 
-2.32 -43.98 -34.57 
PA0999 pqsD Biosynthesis of cofactors, 
prosthetic groups and 
carriers 
-2.11 -63.12 -33.15 
PA1000 pqsE Biosynthesis of cofactors, 
prosthetic groups and 
carriers 
-2.08 -12.84 -9.02 
PA2300 chiC Carbon compound 
catabolism 
-1.53 -3.58 -2.84 
PA2193 hcnA Central intermediary 
metabolism 
-2.28 -8.7 -3.28 
PA2195 hcnC Central intermediary 
metabolism 
-1.51 -8.12 -2 
PA4130  Central intermediary 
metabolism 
-1.52 -5.61 -1.64 
PA0107  Energy metabolism -1.51 -1.69 -1.94 
PA1176 napF Energy metabolism -1.53 -2.53 -2.73 
PA3930 cioA Energy metabolism -1.61 -2.7 -1.62 
PA4133  Energy metabolism -1.51 -23.79 -1.55 




PA0026 plcB Hypothetical, unclassified, 
unknown 
-1.5 -3.71 -1.54 
PA1894  Hypothetical, unclassified, 
unknown 
-1.77 -8.82 -1.61 
PA2372  Hypothetical, unclassified, 
unknown 
-1.51 -2.12 -1.67 
PA3332  Hypothetical, unclassified, 
unknown 
-1.57 -41.46 -1.66 
PA4294  Hypothetical, unclassified, 
unknown 
-1.52 -3.79 -1.72 
PA5220  Hypothetical, unclassified, 
unknown 
-1.53 -17.06 -2.61 
PA1895  Membrane proteins -1.62 -5.85 -1.68 
PA3361 lecB Motility & Attachment -1.51 -11.81 -3.31 
PA2067  Putative enzymes -1.51 -3.92 -2.34 
PA2069  Putative enzymes -2.89 -5.48 -2.62 
PA3328  Putative enzymes -1.58 -33.24 -2.45 
PA3511  Putative enzymes -1.52 -1.5 -1.57 
PA4209 phzM Putative enzymes -3.06 -18.3 -3.76 
PA4217 phzS Putative enzymes -3.47 -96.83 -3.28 
PA5084  Putative enzymes -1.52 -2.71 -1.59 
PA0263 hcpC Secreted Factors (toxins, 
enzymes, alginate) 
-1.52 -2.52 -3.04 
PA0852 cbpD Secreted Factors (toxins, 
enzymes, alginate) 
-1.95 -33.39 -4.22 
PA1901 phzC2 Secreted Factors (toxins, 
enzymes, alginate) 
-2.64 -56.06 -2.74 
PA1902 phzD2 Secreted Factors (toxins, 
enzymes, alginate) 
-2.74 -33.47 -2.75 
PA1903 phzE2 Secreted Factors (toxins, 
enzymes, alginate) 
-2.88 -62.48 -4.29 
PA1904 phzF2 Secreted Factors (toxins, 
enzymes, alginate) 
-3.14 -74.67 -7.82 
PA1905 phzG2 Secreted Factors (toxins, 
enzymes, alginate) 
-3.08 -88.67 -4.02 
PA3478 rhlB Secreted Factors (toxins, 
enzymes, alginate) 
-2.37 -2.71 -1.62 
PA4175 piv Secreted Factors (toxins, 
enzymes, alginate) 
-1.69 -9.13 -2.12 
PA4210 phzA1 Secreted Factors (toxins, 
enzymes, alginate) 
-2.5 -3.47 -2.37 
PA4211 phzB1 Secreted Factors (toxins, 
enzymes, alginate) 
-3.1 -199.48 -4.12 
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PA3724 lasB Secreted Factors (toxins, 




-3.24 -151.97 -2.25 
 
 
Table 2-4B. Identity and functional classification of overlapping genes negatively 

















PA0887 acsA Carbon compound 
catabolism ; Central 
intermediary metabolism 
 
3.31 3.12 2.61 
PA3195 gapA Energy metabolism ; Carbon 
compound catabolism 
2.97 1.58 1.78 
PA1555 ccoP2 Energy metabolism ; Energy 
metabolism 
1.64 2.96 2.7 
PA0141  Hypothetical, unclassified, 
unknown 
2.23 2.62 1.54 
PA3235  Membrane proteins 2.7 2.5 1.83 
PA3234  Membrane proteins ; 
Transport of small molecules 
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Fig. 2-6.  PA2305 is essential for the full virulence of P. aeruginosa. (A) Cytotoxicity 
of PAO1, Δ2305 and Δ2305(PA2305) towards mammalian cell line A549. Infection 
of nematode Caenorhabditis elegans by fast killing mechanism (B) and slow killing 
mechanism (C). The strains used for infection are PAO1 (), Δ2305 (), 
Δ2305(PA2305) (), ΔlasI () and ΔpqsA (). Escherichia coli strain OP50 was 
used as mock control (). The data shown are the means of three independent 
experiments and the standard deviation (SD) is shown by error bar. (D) Survival rate 
of zebrafish Danio rerio infected with PAO1 (), Δ2305 (▲), Δ2305( PA2305) () 
and sterile PBS (mock control, ). The data shown are the means of three 





2.3.7 Bioinformatics analysis of PA2305 reveals a non-ribosomal peptide 
synthase cluster  
A domain prediction analysis (pseudomonas.com; SMART; Table 2-5) Blast 
search of PA2305 suggests that PA2305 is a non-ribosomal peptide synthese. Current 
understanding of bacterial non-ribosomal peptide synthases points to the involvement 
of all the NRPS genes within the operon in a single biosynthesis pathway (Marahiel, 
2009). As mentioned earlier, PA2305 is predicted to be the first gene of the PA2305-
2301 operon by bioinformatics analysis (pseudomonas.com; DOOR analysis 
http://csbl1.bmb.uga.edu/OperonDB) (Fig. 2-7A). To verify this prediction, we 
analyzed the intergenic distances (DI) between the genes of the predicted operon, the 
most critical of the several genomic features for operon prediction utilized in 
bioinformatics (Dam et al., 2007). The DI was calculated using the previously 
described formula [DI= downstream_gene_start  −  (upstream_gene_end + 1)] 
(Salgado et al., 2000) and based our low and high cutoff values on -50 and 250 bp 
respectively, based on the recommendations by Dam and co-authors (Dam et al., 
2007). The exact DI values and how they are derived are shown in detail in Table 2-6. 
Since all the DI indices are within the lowest and highest cutoff range, we can 
conclude that the PA2305 operon consists of the five genes PA2305, PA2304, 
PA2303, PA2302 and PA2301. The -35 and -10 promoter sequences, TIS (+1), Las 
box and ribosome binding site sequences were also similarly identified within the 
upstream region of PA2305 (Fig. 2-7B). 
Further, we also conducted domain prediction analysis (Pfam 
http://pfam.sanger.ac.uk) on these five genes. In addition to PA2305, PA2302 also 
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encodes for a putative non-ribosomal peptide synthase; PA2304 and PA2303 gene 
products contain TauD-like dioxygenase domains; PA2301 may encode for a protein 
containing prolyl-tRNA synthetase-associated domain (Table 2-5). With the 
exception of PA2301, the other four proteins PA2305, PA2304, PA2303 and PA2302 
could be functionally involved in a non-ribosomal peptide synthesis pathway 
(Marahiel 2009; Koglin and Walsh, 2009) (Fig. 2-7C).                 
   
2.3.8 PA2305-2302 work in tandem to generate PQS-regulating non-ribosomal 
peptides  
From existing understanding on the mechanisms and operation of the typical 
non-ribosomal peptide synthases, we could infer that within the PA2305 operon, the 
NRPSs PA2305 and PA2302 form the two units of the bi-modular NRPS complex. 
This thus meant that the two modules are inter-dependent and work in tandem to 
synthesize the unique non-ribosomal peptide product, named Qrp in this study, and 
that this product is the signal behind the positive regulation of PQS we have observed 
from earlier data. Therefore we investigated whether the deletion of PA2302 would 
similarly affect PQS production levels in P. aeruginosa PAO1. As shown in Fig. 2-
8A, disruption of PA2302 resulted in a concomitant decrease in PQS production 
levels compared to wild type PAO1. Further, we questioned whether an 
overexpression of PA2305 could compensate for the drop in PQS levels in the ∆2302 
mutant. A cross-complementation strain ∆2302(PA2305) was created and assessed for 
PQS production. Fig. 2-8B shows that expression of PA2305 in trans could not 
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restore PQS production. This implies that both PA2305 and PA2302 are essential and 
function together for upregulating the PQS quorum sensing system.  
 
2.3.9 PA2305-2302 enzyme product is secreted into the supernatant  
Since we have established that the product of the PA2305-2302 cluster is most 
likely a small molecule and that the positive effects of PA2305 on PQS and rhl 
quorum sensing system are exerted through this small molecule, we questioned 
whether this “factor” could be found in the extracellular milieu. Conditioning of 
Δ2305 mutant with cell-free supernatant of PAO1 and Δ2305 (control) cultures was 
carried out and through assaying the level of PQS induction, the presence of this 
“factor” could be determined. Figure 2-9 shows that when conditioned with 
supernatant from PAO1, the PQS production level in Δ2305 was induced from its 
original production level of 25% to close to 80% that of wild type. When conditioned 
with the culture supernatant of its own strain (self-conditioning), the PQS production 
level merely increased to below 50% of wild type (Fig. 2-9). This shows that the 
production of this “factor” is dependent on an intact PA2305 and the induction of 









Fig. 2-7. Gene and protein information of the PA2305-2302 cluster. (A) Genetic loci 
and organization surrounding the PA2305 operon (adapted from pseudomonas.com). 
(B) Sequence analysis on the PA2305-2301 promoter were identified by Virtual 
Footprint (http://prodoric.tu-bs.de/vfp/vfp_promoter.php) (Münch et al., 2005). The 
predicted -35 and -10 sequences are indicated by yellow colour highlights. The 
transcription initiation site (TIS, +1) identified is indicated by green colour highlight. 
The LasR binding site, Las box is indicated by pink colour highlight. The putative 
ribosomal binding site (RBS) and the translation start codon (ATG) are in boldface 
and underlined.  (C) Domain organization of the two NRPSs PA2305 and PA2302, 











Predicted function  Domains in protein  
PA2305 Non-ribosomal peptide synthase A- adenylation domain; P- 
peptidyl carrier protein; C- 
condensation 
PA2304 Hypothetical protein D- TauD dioxygenase 
PA2303 Hypothetical protein  D- TauD dioxygenase 
PA2302 Non-ribosomal peptide synthase  A- adenylation domain; P- 
peptidyl carrier protein; C- 
condensation; Re- thioesterase/ 
reductase  




Table 2-6. Genetic organization analysis of putative PA2305 operon. 
Gene  Strand  Start (genomic 
location) 
End (genomic 




PA2305  Negative (-) 2544946  2541197 (a) (a-b+1) 31 
PA2304 Negative (-) 2541167 (b) 2540079 (c) (c-d+1) -2 
PA2303 Negative (-) 2540082 (d)  2539063 (e) (e-f+1) 21 
PA2302 Negative (-) 2539043 (f)  2532669 (g)  (g-h+1) 69 
PA2301  Negative (-) 2532601 (h) 2532059  Not applicable  
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Fig. 2-8. The functional relationship between PA2305 and PA2302. (A) PQS 
extracted from PAO1, Δ2302 and Δ2305 were separated by thin layer 
chromatography (TLC) and PQS spots were quantified by spot densitometry. (B) PQS 
extracted from PAO1, Δ2302 and Δ2302 cross-complemented with PA2305, 
Δ2302(PA2305). The data shown are the means of two repeats and the standard 
deviation (SD) is shown by error bar. 
84 
 
 2.4 Discussion  
The results of this study show that the probable non-ribosomal peptide 
synthase PA2305 positively regulates the PQS and RhlIR quorum sensing system in P. 
aeruginosa (Fig. 2-2 and 2-3A and B). When the PA2305 gene was deleted, the levels 
of PQS, C4-HSL and their co-regulated virulence factors pyocyanin and elastase were 
reduced. Complementation of PA2305 in trans restores the production of the above 
described virulence factors and quorum sensing signals (Fig. 2-1, 2-2 and 2-3A). 
Since PQS controls the RhlIR system (Dubern and Diggle, 2008; Williams and 
Cámara, 2009) this explains the concomitant reduction of RhlI synthesized C4-HSL 
and the co-regulated virulence factors. The lack of regulation of 3-O-C12-HSL (Fig. 
2-3B) implied that PA2305 regulates at a level downstream of las, upstream of PQS.  
Further, the disruption of PA2305 translated into an attenuation of virulence of  
Pseudomonas aeruginosa towards the nematode Caenorhabditis elegans (Fig. 2-6B 
and C), zebrafish Danio rerio (Fig. 2-6D) and human lung adenoma cell line A549 
(Fig. 2-6A). The disruption of PA2305 resulted into an attenuation of virulence 
consistently in all three virulence models, compared with PAO1, which is restored 
when PA2305 is complemented. The contribution of quorum sensing has been very 
well established in the C. elegans killing model, and we are pleased that our results 
coincided with this pattern (Mahajan-Miklos et al., 1999; Tan et al., 1999), which 
also implied that PA2305 affects the virulence of P. aeruginosa towards C. elegans 
through modulating the PQS and rhl quorum sensing signals and their co-regulated 
virulence factors. For the zebrafish killing assay, we are surprised to discover that 
neither the disruption of lasI nor pqsA lead to an attenuation in P. aeruginosa toxicity  
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Fig. 2-9. PA2305-2302 enzyme product could be isolated from P. aeruginosa cell-
free culture supernatant. Relative PQS production in Δ2305 mutant conditioned with 
PAO1 or Δ2305 supernatant, in comparison to PAO1 control (100%). PQS spots 
separated from the crude extracts on the thin layer chromatogram were quantified by 
spot densitometry. The data shown are the means of two repeats and the standard 




(data not shown), whereas that of PA2305 translated into 40% protection in mortality. 
This could mean that PA2305 contributes to full virulence of P. aeruginosa towards 
zebrafish in a quorum sensing independent manner, and/ or that the PA2305-
dependent regulation on the PQS/ rhl quorum sensing systems are highlighted in the 
abdomen cavity of D. rerio. Although our findings on the virulence of P. aeruginosa 
quorum sensing mutants contradicted that Clatworthy and co-workers1
The microarray data (Table 2-3) provided a global view of the genes 
differentially regulated by PA2305. In the PA2305 regulon are the PQS biosynthesis 
genes, as well as the biosynthetic genes of the PQS and RhlIR co-regulated virulence 
factors, such as pyocyanin, elastase and hydrogen cyanide, which is within 
expectations. Additionally, the biosynthesis genes of the siderophore pyochelin were 
also affected, implying that PA2305 may have other functions apart from the 
regulation of quorum sensing in P. aeruginosa. The relationship analysis on the genes 
differentially regulated by PA2305, LasI and PqsA revealed 51 genes that are 
commonly regulated, and a majority of these overlapping genes are controlled by all 
three QS systems (Fig. 2-5). This expression pattern gives strong verification that 
, it is important 
to note that their study utilized 28 hours post-fertilization zebrafish embryos instead 
of adult zebrafish, wherein the growth environment of P. aeruginosa largely differs 
(Clatworthy et al., 2009). Lastly, though slight, PA2305 too contributes to the 
cytotoxicity of P. aeruginosa towards airway epithelial cell line A549, although the 
possible mechanism remains unknown.  
                                                          
1 Clatworthy et al. describes an attenuation of virulence in both the pqsR and lasR quorum 
sensing mutants towards D. rerio embryos compared to PAO1. 
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PA2305 is functionally involved in the quorum sensing circuit, and that it may be a 
key component in linking the las and PQS quorum sensing pathways together.  
The data in this chapter presented extensive evidence of the regulation of 
quorum sensing by the putative non-ribosomal peptide synthase (NRPS) gene 
PA2305. Following the above reported observations, the imminent question that 
follows will be the possible mechanism(s) behind this regulation. How did PA2305 
cause a change in PQS levels? Bioinformatics prediction on the protein function of 
PA2305 ruled out possibilities of regulation at direct protein-protein or protein-DNA 
interaction levels (Fig. 2-7C and Table 2-5). Since NRPS are typically synthetic 
enzymes of small molecules, the control exerted by PA2305 were likely to be caused 
by its enzyme products. Further, we have deduced that PA2305-2302 function as an 
NRPS biosynthetic gene cluster committed to the synthesis of a non-ribosomal 
peptide product. This provides sufficient clue that the PA2305 operon is involved in 
the biosynthesis of a small molecule species (non-ribosomal peptide), and most 
possibly the control of the quorum sensing systems was executed through the action 
of this small molecule. We have also shown that this small molecule is secreted into 
the extracellular milieu, which implies its potential as an intercellular, primary 
messenger. Therefore, the findings in this chapter thus presents a brand new mode of 
quorum sensing control in P. aeruginosa – via non-ribosomal peptides – small 
molecules that were originally thought to be under the control of quorum sensing. The 
unique nature of this “regulatory factor” of quorum sensing is not only novel, it 
uncovered more possibilities and new mechanisms P. aeruginosa may possess to 
modulate its inter-cellular signaling networks. The regulatory pathway of Qrp could 
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also be utilized as a new platform to be extrapolated into more flexible and multi-
dimensional therapeutic strategies, compared with the known protein-based quorum 
sensing regulators. The contribution by Qrp to virulence towards C. elegans and 
zebrafish D. rerio further attested to its therapeutic promise.  
Another noteworthy aspect of Qrp is the “hierarchy” of quorum sensing at 
which it regulates. Since las is the master regulator of P. aeruginosa quorum sensing, 
curbing the las system would be akin to disarming the pathogen. Conversely, 
activating las might mean a stronger, fitter, more pathogenic bacteria population. Not 
surprisingly, most prominent quorum sensing regulators discovered so far are 
efficacious towards the LasIR proteins. The emergence of Qrp, a non-ribosomal 
peptide, and its positive regulatory activity on the PQS system hint at a more diverse 
and complex communication system in P. aeruginosa.  
To deepen our understanding of Qrp, purification and identification of its 
structure are two critical attributes we need to solve. Hence, I undertook the 
purification of this small molecule in the attempt to elucidate this mechanism. In the 
following chapter, I describe in detail the purification process, identification, 




PURIFICATION AND CHARACTERIZATION OF THE 
PA2305-2302 GENE CLUSTER MODULATED SIGNAL 
FROM P. AERUGINOSA 
3.1 Introduction  
Non-ribosomal peptides (NRPs) represent a large class of secondary 
metabolites of diverse structures and structural compositions. Usually of bacterial or 
fungal origin, NRPs are synthesized by non-ribosomal peptide synthases (NRPS), a 
class of multi-modular megasynthase enzyme complexes (Koglin and Walsh, 2009; 
Marahiel, 2009). Although the term peptide was used, the products of NRPS are non-
proteinaceous, and are not determined by nucleic acid codons, as opposed to the 
ribosomal peptides. To understand the biosynthetic process of the NRPs, it is 
important to first understand the assembly logic of the NRPS megasynthase complex.  
 Although the resultant non-ribosomal peptide products vary greatly between 
different NRPS, the principle behind the order in which the individual modules are 
assembled and their functions are very conserved amongst the NRPS superfamily 
(Koglin and Walsh, 2009; Marahiel, 2009). These modules can be further 
characterized into catalytic domains. For any NRPS to function, the basic catalytic 
domains that must be present are: adenylation domain (A), required for activation of a 
specific substrate (amino or carboxy acid); peptidyl carrier protein (PCP) domain, 
which consists of a PPan prosthetic arm responsible for swinging the activated 
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substrates to the condensation domain, or C-domain, that catalyzes the condensation 
reaction between two activated amino or carboxy acid substrates; finally, the 
thioesterase domain (Te), usually occurring singly and the last in the domain line-up 
within the NRPS protein, catalyzes the release of the completed NRP from the NRPS 
enzyme (Gross and Loper, 2009; Koglin and Walsh, 2009; Marahiel, 2009).  
Generally for linear NRPS assembly lines, the number of A-PCP-C domain units 
serves as an accurate prediction for the number and order of amino acid substrates 
incorporated into the backbone of the NRP product. Non-linear NRPS on the other 
hand, may have products with a higher number of amino acid signatures than that 
warranted by the A-PCP-C domains by subjecting them to iterative reuse on the 
growing non-ribosomal peptide chain. Other accessory domains, such as 
epimerization, formylation, heterocyclization and methylation domains could also be 
found within the NRPS, hence adding structural diversity to the arsenal of naturally 
occurring non-ribosomal peptides (Marahiel, 2009). 
  Since the organism under study in this thesis is Pseudomonas aeruginosa, a 
brief summary on the non-ribosomal peptides produced by Pseudomonas spp. and 
their functions are provided. The siderophore pyoverdine is a non-ribosomal peptide 
produce by all the fluorescent Pseudomonads, including P. fluorescens and P. 
aeruginosa. It is a yellow-green fluorescent pigment that binds to extracellular Fe(III) 
ions with high affinity, and plays a role in regulation of gene expression (Lamont et 
al., 2002; Visca et al., 2002). Pyochelin, another iron-scavenging siderophore, was 
also produced by P. aeruginosa, other Pseudomonads and the beta-proteobacteria 
Burkholderia spp (Sokol, 1986; Castignetti, 1997; Darling et al., 1998; Phoebe et al., 
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2001; Budzikiewicz, 2003). It is intriguing that the gene organization of the pyochelin 
biosynthetic cluster is identical between P. aeruginosa and Burkholderia spp., yet 
different from that in P. fluorescens Pf-5, alluding to a possible niche-specific benefit 
of pyochelin shared between P. aeruginosa and Burkholderia spp.. In the Chapter 5 
of this thesis, a novel function of pyochelin was uncovered and will be described. 
Siderophore pseudomonine, also a non-ribosomal peptide was identified in P. 
fluorescens AH2 (Anthoni et al., 1995). Its biosynthetic gene cluster was found in P. 
fluorescens WCS374 (Mercado-Blanco et al., 2001), and P. entomophila L48 (Sattely 
and Walsh, 2008). Paerucumarin and pseudoverdine are two NRPs isolated from P. 
aeruginosa (Clarke-Pearson and Brady, 2008), but their biological functions have yet 
to be characterized.  
 The second major group of NRPs are the phytotoxins. Mostly belonging to the 
cyclic lipopeptide (CLP) superfamily, they are predominantly produced by the 
phytopathogenic P. syringae species. Syringomycin is the best known non-ribosomal 
peptide phytotoxin. A lipodepsinonapeptide, syringomycin is a virulence determinant 
of P. syringae pv. syringae B301D (Xu and Gross, 1988), and provided a platform for 
understanding the biosynthesis pathways of CLPs. Also from P. syringae pv. syringae 
B301D is syringopeptin, another phytotoxin capable of inducing necrosis in plant 
tissues (Scholz-Schroeder et al., 2001). Other phytotoxic NRPs include tabtoxin and 
phaseolotoxin, both produced from strains of P. syringae and known for their roles in 
causing plant halo blight and cankers (Gross and Loper, 2009).   
Medically important non-ribosomal peptides have also been isolated in 
Pseudomonas spp. They include the massetolides pyrrolnitrin and safracin. 
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Massetolides is a family of NRPs with potent anti-mycobacterial, anti-fungal and 
surfactant activities (Gerard et al., 1997; Tran et al., 2007). Pyrrolnitrin, isolated from 
P. pyrocinia, showed strongly anti-fungal activity and has been developed as a topical 
antimycotic for human use (Tawara et al., 1989). Safracin, an NRP with an elaborate 
three-dimensional structure, exhibits anti-tumour activity and is structurally similar to 
the potent anti-cancer drug ecteinascidin (YondelisTM). Produced by P. fluorescens 
A2-2 (Ikeda et al., 1983) and SC 12695 (Meyers et al., 1983), plans have been made 
to harness safracin as a starting substrate for ecteinascidin synthesis (Cuevas and 
Francesch, 2009).  
In Chapter 2, we showed that mutation of the non-ribosomal peptide synthase 
gene cluster PA2305-2302 resulted in decreased PQS signal production and reduced 
bacterial virulence. In this chapter, we present evidence that the PA2305-2302 NRPS 
cluster is associated with the production of a signal molecule which positively 
regulated the PQS quorum sensing system of P. aeruginosa. We have purified and 
structurally identified the signal, hereby named as Qrp (quinolone-regulating peptide), 
and verified its quorum-sensing regulatory properties, a novel function to be accorded 
to a non-ribosomal peptide. This is the first instance in the microbial quorum sensing 
research arena where a non-ribosomal peptide qualifies as a candidate quorum 




3.2 Materials and Methods 
3.2.1 Bacterial strains, plasmids and growth conditions 
The bacterial strains and plasmids used in this study are listed in Table 3-1. P. 
aeruginosa cultures grown for non-ribosomal peptide purification procedures were 
grown in Mins minimal medium with 50% reduction in glycerol content (per liter 
containing KH2PO4, 3.4 g; NH4Cl, 5.1 g; monosodium glutamate monohydrate, 9.8 g; 
disodium succinate hexahydrate, 29.7 g; MgSO4.7H2O, 0.984 g; FeSO4, 5 mg; 
glycerol, 1.25% v/v) (Nicas and Iglewski, 1984) with the antibiotics cabenicillin and 
kanamycin added at concentrations of 150 μg ml-1 and 200 μg ml-1 respectively. For 
bioactivity assays, P. aeruginosa bacteria cells were cultured as described in Chapter 
2.  
Table 3-1. Bacteria strains and plasmids used in this study. 
 
Strain Characteristics Reference or source 
   





F- φ80dlacZΔM15 Δ(lacZYA-argF)U169 
deoR recA1 endA1 hsdR17(rk-, mk+) 





   
S17-1 λpir TpR SmR recA, thi, pro, hsdR-M+RP4: 2-
Tc:Mu: Km Tn7 λpir 
Laboratory 
collection 
   
   















PA2305 and PA2302  in-frame deletion 


















PAO1 derivative with lasI and pqsA deleted  
 
Strain  ΔlasIpqsA containing the expression 
constructs pUCP-PA2305 and pDSK-PA2302 
 
ΔlasIΔpqsA containing the plasmid vector 
pUCP19  
 
Strain Δ2305Δ2302 bearing the construct 
pRZ 
 













Plasmids Description  Reference 
or source 































E. coli-P. aeruginosa shuttle vector derived 
from pUC19 ; Cbr 
 
pUCP19 vector bearing the open reading 
frame of PA2305; Cbr 
 
pDSK519 vector bearing the open reading 
frame of PA2302; Knr 
 
pME-lacZ vector with plac removed; Tcr 
 
 
pME-lacZ2 vector with the pqsR promoter 
region fused with lacZ open reading frame; 
Tcr  
 
pME-lacZ2 vector with the PA2305 promoter 
region fused with lacZ open reading frame; 
Tcr  
 
Broad-host-range gene replacement vector; 
sacB, Knr 
 
pK18-mobsacB with Gmr cassette inserted at 
NcoI site; Gmr  
 
pK18-Gm-mobsacB containing the PA2305 



































Abbreviations: Cbr, carbenicillin resistant; Knr, kanamycin resistant; Gmr, gentamicin 
resistant; Tcr , tetracycline resistant.  
 
 
3.2.2 Genetic deletion and complementation  
To carry out the in-frame double deletion of PA2305 and PA2302, the suicide vector 
pK18-Gm-mobsacB was ligated with the products amplified with primer pairs del-
pa2302UpF/UpR, and del-pa2302DnF/DnR (Table 3-2). The vector was digested by 
the restriction enzymes EcoRI and XbaI. The inserts (Up and Dn fragments) were 
digested with the restriction enzymes EcoRI/ SacI and SacI/ XbaI, and all three 
fragments were added into the ligation mix. The resultant three fragment pK18-
delPA2302 construct was screened by PCR, confirmed by sequencing and 
transformed into the donor strain E. coli S17-1. Deletion of the internal sequence of 
PA2302 encoding the peptide from 306th to 1742nd amino acid was carried out by 
allelic exchange following instructions described previously (Slater et al., 2000). The 
parent strain used for mating was ∆2305. The transconjugants were further screened 
by PCR using the primers ctrPA2302F/R, and the successful deletion mutants were 










pK18-Gm-mobsacB containing the PA2302 
flanking region with the gene being deleted 
in-frame 
 
pK18-Gm-mobsacB containing the lasI  
flanking region with the gene being deleted 
in-frame 
 
pK18-Gm-mobsacB containing the pqsA  















For the deletion of lasI and pqsA, the same pK18-Gm-mobsacB deletion 
vector and the donor strain S17-1 was used. The internal sequence of lasI from the 
21st to 192nd amino acid was deleted. For pqsA, the internal sequence spanning from 
68th to the 435th amino acid was excised. To create the double deletion strain 
ΔlasIpqsA, PAO1 was first used as the parental strain and single deletion strain of 
ΔlasI was generated according to the instructions described previously (Slater et al., 
2000). Following which, the double deletion strain ΔlasIpqsA was generated by using 
ΔlasI as the parental mating strain for a second conjugation with the E. coli S17-1 
donor strain carrying the pK18-delpqsA construct. The transconjugants were further 
screened by PCR using the ctrlasIF/R or ctrpqsAF/R primers, and successful deletion 
strains were hence identified and selected.  
Over-expression of PA2305 in trans in the ΔlasIpqsA mutant was carried out 
using the pUCP-PA2305 construct, as described previously in Section 2.2.1. 
Subsequently, the second NRPS gene PA2302 was also co-expressed in this strain. 
Similar to PA2305, the coding region of PA2302 was cloned into the broad-host 
vector pDSK519 driven by the plac promoter. The PA2302 insert was synthesized 
commercially (Genscript, New Jersey) and subcloned into pDSK519, whereupon the 
ligation mixture was transformed into E.coli DH5α. The constructs were verified by 
colony PCR and sequencing, and transformed into ΔlasIpqsA(pUCP-PA2305) mutant. 
Transformants were selected on LB agar plates containing 300 µg/ml of carbenicillin 




3.2.3 Media conditioning of Δ2305Δ2302 with P. aeruginosa cell-free 
supernatants  
As described in Chapter 2. 
 
3.2.4 Purification of Qrp 
The PAO1-NRPS strain was grown in MINS minimal media (Nicas and Iglewski, 
1984) with 50% reduction in glycerol content, overnight with agitation at 37ºC. The 
bacterial culture was then centrifuged and the supernatants subsequently filtered with 
a membrane of 0.22 μM pore size to eliminate all residual unpelleted bacterial cells. 
Equi-volume of ethyl acetate was used to extract the supernatants and the upper 
organic phase was collected, dried down and dissolved in methanol. The crude extract 
was analyzed by high performance liquid chromatography (HPLC) using a C18 
reverse-phase column (Phenomenex Lunar 5 µM 250 X 4.6 mM) eluted with 
acetonitrile-water gradient at a flow rate of 1ml min-1. The details of the gradient are 
listed in Table 3-3. The solvent/ buffer acetonitrile and water are acidified with 1% 
(v/v) formic acid.  
 
Table 3-2. PCR primers used in this study. 
Primer Sequence 







































3.2.5 Structural analysis and synthesis of Qrp 
1H and 13C nuclear magnetic resonance (NMR) spectra of the purified Qrp in CDCl3 
solution were obtained using Bruker AV-600 spectrometer operating at 600 MHz for 
1H or 125 MHz for 13C. High-resolution electrospray ionization mass spectrometry 
was performed using a Finnigan/MAT MAT 95XL-T mass spectrometer. Organic 
synthesis of Qrp was ordered (ImpactBioscience, Nanjing, China) and subsequently 
analyzed.  
 
3.2.6 PQS extraction and quantification 
PQS was extracted from the cell-free supernatants of P. aeruginosa overnight liquid 
cultures based on the method proposed by Diggle et al. (Diggle et al., 2003). Briefly, 
5 ml of cell-free supernatants were mixed with equi-volumes of 1% acidified ethyl 
acetate and shaken at room temperature at 250 rpm, after which the mixture was 
centrifuged briefly at 10,000 rpm to accelerate the phase-separation process. The 
upper organic phase was isolated, air-dried and resuspended in 100 μl of methanol, of 
which 10 μl was loaded onto thin layer chromatography plates (Silica 60 F254 plate, 
10 x 20 cm; Merck), pre-activated according to instructions by Dong et al (Dong et 
al., 2008). Chromatography was carried out at gradient conditions and the separation 
buffer used was 95:5 dichloromethane-methanol. When separation was complete, the 
plates were air-dried and imaged with the UV transilluminator and imager 
AlphaImager (Alpha Innotech) at wavelength of 365 nm. With synthetic PQS as a 
standard, sample spots on the chromatogram corresponding to the Rf of PQS were 
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analyzed by the AlphaImager (Alpha Innotech) spot densitometry software and 
expressed as a percentage of PQS control from wild type PAO1.  
 








1 - 1 95 5 
2 5 1 95 5 
3 50 1 25 75 
4 51 1 5 95 
5 55 1 5 95 
6 56 1 95 5 
7 60 1 95 5 
Legend: %A denotes the relative percentage of water, %B denotes relative percentage 
of acetonitrile which constitutes to 100% total mobile phase.   
 
3.2.7 Quantification of PQS 
The promoter of pqsR was amplified using the primer pairs F-MvfR-pro-HindIII (5’-
gtgcgtcatagtcgctacacctgaag) and R-MvfR-pro-EcoRI (5’-ccgacggaccagctccacg), 
digested with the restriction enzymes HindIII and EcoRI and ligated to the similarly 
digested vector pME2-lacZ. The resultant construct pRZ was transformed into P. 
aeruginosa mutant Δ2305Δ2302. For bioassay, the reporter strain Δ2305Δ2302(pRZ) 
was grown in LB medium supplemented with Qrp or methanol at 37oC to an OD600 of 
about 1.5. The bacteria cells were pelleted down and the β-galactosidase activities 
were assayed according to the standard method (Jeffrey, 1992).  
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 3.2.8 Pyocyanin extraction and quantification 
P. aeruginosa strains were grown on low phosphate Pseudomonas medium P (PA; 20 
g of pancreatic digest of gelatin (Difco), 1.4 g MgCl2 (Sigma), and 10 g K2SO4 
(Sigma) per liter of H2O) overnight with shaking in aerated erlen-meyer flasks at 
37oC. The pyocyanin extraction process was in accordance with Dong et al. (Dong et 
al., 2008). Briefly, 3 ml of chloroform was added to 5 ml of culture supernatants and 
shaken vigorously for 30 mins at room temperature. The solvent phase was retained 
and combined with 1 ml of 0.2N HCl and shaken for an additional 30 mins. The 
quantity of pyocyanin transferred to the mild acid fraction was determined by 
measurement of absorbance at 520nm and normalized against cell density.   
 
 
3.2.9 C4-HSL bioassay 
The short chain C4HSL (N-butanoyl-l-homoserine lactone, BHL) was assayed using 
the biosensor strain Chromobacterium violaceum CV026 (McClean et al., 1997), that 
was grown overnight in liquid LB medium at 28oC. The culture was added to molten 
LB agar (42oC) at 2% v/v. Wells of approximately 2-mm in diameter were punched 
aseptically into the agar into which 2 µl of extracts (used for PQS TLC, section 2.2.5) 
were loaded. The plates were incubated at 28oC overnight and the diameter and 
intensity of the purple halo surrounding the well was observed. 
 
3.2.10 Time course assay on Qrp production and PA2305 expression. 
The PAO1 strain was inoculated into LB medium at initial OD600 of 0.025 and shaken 
at 250 r.p.m, 37oC in erlen-meyer flask for maximum aeration. At time points of 2, 4, 
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6, 8, 10, 14, 16, 18 and 20 hours post inoculation, 100 ml of cell-free culture 
supernatant were obtained and extracted with equi-volume of ethyl acetate. After 
shaking at room temperature at 250 rpm, the mixture was centrifuged briefly at 
10,000 rpm to accelerate the phase-separation process. The upper organic phase was 
isolated, evaporated and resuspended in 100 μl of methanol, and 10 μl of this extract 
was injected for HPLC analysis according to the separation protocol described in 
3.2.3. The Qrp product peak was identified in the HPLC spectra for every time point, 
and the UV absorption profile verified with that of standard Qrp (Fig. 3-6B). The area 
under the graph for the Qrp product peaks was calculated by the product of the UV 
absorption with the retention duration (µV*sec) (Empower Pro software, Waters Inc, 
Milford, MA). The strain PAO1 (p5Z) was similarly grown in LB for 2 to 24 hours, 
with cell pellets obtained at every 2 hour intervals. PA2305 promoter activities were 
quantitated via β-galactosidase assays described in 3.2.7.  
 
3.3 Results 
3.3.1 Purification and structural analysis of Qrp  
 To maximize the chances of successfully purifying the PA2305-2302 non-
ribosomal peptide product Qrp, we were concerned with the yield of the Qrp 
produced from wild type PAO1. Therefore, using the induction level of PQS as a 
measure of the relative yield of Qrp, we compared between PAO1 and the 
overexpression strain PAO1-NRPS. The latter is a 3-oxo-C12-HSL and PQS-null 
strain which is overexpressing PA2305 and PA2302 (Table 3-1). With the 
overexpression of the two NRPS genes in the cluster, we expected an increase in Qrp 
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yield. Also the deletion of lasI and pqsA ensured no signal carry-over and false 
positives since exogenous 3-oxo-C12-HSL and PQS have additive effects on PQS 
production. Figure 3-1 shows that the induction of PQS in Δ2305Δ2302 by PAO1-
NRPS cell-free supernatant was two-fold higher than that achieved by supernatant 
from PAO1. The low level of induction from conditioning by the supernatant of 
ΔlasIΔpqsA(pUCP19) vector control strain further justified the need for 
overexpression of the two NRPS proteins (Fig. 3-1). Therefore the strain PAO1-
NRPS was selected and cultured for large scale purification of Qrp. 
The bioactivity of Qrp was determined by its ability to restore PQS production 
level in the non-producer Δ2305Δ2302. Figure 3-2 showed the high performance 
liquid chromatography (HPLC) profile of the concentrated ethyl acetate crude extract 
from PAO1-NRPS supernatant. Compared to the HPLC profile of the non-producer 
Δ2305Δ2302 the prominent difference existed at the cluster of peaks that eluted 
between 34.6 to 38 minutes (Fig. 3-2). The peak eluted at 36.5 minutes (pQ) was 
unique to PAO1-NRPS extract, and was hence deduced to be the putative Qrp product 
peak. The purified fraction at 36.5 min displayed a strong bioactivity in inducing PQS 
production (data not shown).  
In the 1H-NMR spectrum (600 MHz, CDCl3) (Fig. 3-3A), the chemical shift 
and coupling patterns of four carbon protons (2-H to 5-H, δ 6.952 ~ 7.636) are typical 
of protons found on aromatic rings, which suggest the presence of an ortho and meta 
di-substituted benzene ring (Silverstein and Webster, 1998). The protons 8-H and 10-
H also showed regular chemical shifts characteristic of alkene and aldehydic carbon 
protons, respectively (Silverstein and Webster, 1998). The CDCl3 solvent signal 
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resides at 7.255 ppm (Silverstein and Webster, 1998). Table 3-4 gives a summary of 
the 1H-NMR absorptions.  
Similarly the 13C-NMR (600 MHz, CDCl3) showed ten carbon signals 
indicative of six aromatic carbons, three thiazoline carbons and one aldehydic carbon 
(Table 3-5, Fig. 3-3B). Carbon atoms on the aromatic ring (C-1 to C-6) demonstrate 
chemical shifts around the range of benzene substituents (δ 128.5) (Silverstein and 
Webster, 1998). The chemical shift of C-10 (δ 183.89) strongly represents that of 
aldehydic carbon atoms, and C-8 and C-9 chemical shifts of δ 153.58 and δ 125.08 
respectively, are typical of substituted cycloalkenes, leading to the preliminary 
conclusion that Qrp contains hydroxylated phenol and thiazolecarbaldehyde moieties. 
Furthermore, it is interesting to note that both the 1H and 13C-NMR spectra data 
correlates well with those described for pyochelin (Cox et al., 1981) and 
yersiniabactin (Chambers et al., 1996) (Table 3-4, Fig. 3-4).  
High-resolution electrospray ionization mass spectrometry analysis of the 
purified compound was also conducted and the spectrum contained peaks at m/z of 
204.0137 (C10H7O2NS; parental ion; M-), 187.1351 (C10H6ONS), 176.0195 
(C9H7ONS), 118.0347 (C7H5ON) and 160.0255 (C9H6O2N) (Fig. 3-5), and the 
possible fragmentation patterns are shown in Fig. 3-6. This revealed a molecular 
formula of C10H8O2NS, with molecular weight of 205.0204. Taken together, this 
suggests that Qrp is 4-thiazolecarbaldehyde, 2-(2-hydroxyphenyl) (Fig. 3-6). For 
verification, we showed that the HPLC elution time of synthesized Qrp (Fig. 3-7A), 
UV absorption spectrum (Fig. 3-7B), and biological activity were identical to those of 




                             
Fig. 3-1. PQS production of Δ2305Δ2302 conditioned with cell-free supernatants of 
PAO1, PAO1-NRPS, ΔlasIΔpqsA(pUCP19) and Δ2305. PQS was separated by thin 
layer chromatography from the culture crude extract, quantified by spot densitometry 
and presented in bar graph. The data shown are the means of two repeats and the 
standard deviation (SD) is shown by error bar. Abbreviation: SN, supernatant. 
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Fig. 3-2.  Enlarged HPLC spectra of extracts from non-producer Δ2305Δ2302 (upper 
graph) and overproducing strain PAO1-NRPS (lower graph). The Qrp peak (pQ) has 




     
 










Proton shifts of 
pyochelin 
Proton shifts of 
yersiniabactin  
1-OH 10.61 9.24 - 
2-H 6.952(st) 6.91dd 6.71 
3-H 7.384(td) 7.28td 7.26 
4-H 7.105(dd) 6.80td 6.59 
5-H 7.636(dd) 7.34dd 7.30 
8-H 8.126 - - 
10-H  11.597 - - 
Solvent  7.255 - - 
 Abbreviations: st, singlet triplet; td, triplet doublet; dd, doublet doublet.  
*The 1H and 13C NMR data for pyochelin and yersiniabactin were cited from Cox et 
al., 1981 and Chambers et al., 1996, respectively. 
 
Table 3-5. 13C absorption for Qrp in CDCl3 solvent. 
Carbon 
position  
Carbon shift Carbon shifts 
of pyochelin 
Carbon shifts of 
yersiniabactin  
1 156.88 158.8 165.27 
2 118.18 117.4 123.40 
3 132.88 133.5 132.70 
4 119.78 119.2 118.49 
5 127.57 131.0 137.77 
6 116.04 116.5 117.73 
7 170.48 173.2 180.85 
8 153.58 - - 
9 125.08 - - 
10 183.89 - - 
Solvent  76.99t - - 




                 




                   
 
Fig. 3-5. ESI-MS of Qrp: negative ion total scan (upper panel); negative ion zoomed 




                  
Fig. 3-6. Structure of P. aeruginosa Qrp. Possible patterns of fragmentation of the 
parental ion are indicated by dashed lines accompanied by the molecular weight of 










     
Fig. 3-7. Purification of Qrp. (A) Overlaid HPLC spectra: of the P. aeruginosa 
PAO1-NRPS strain supernatant extracted by ethyl acetate (upper spectrum); of 
synthetic Qrp (lower spectrum). (B) UV absorption spectra of purified Qrp (upper 





3.3.2 Putative biosynthetic pathway of Qrp  
 Based on the structural feature of Qrp, we tried to elucidate the biosynthetic 
pathway of Qrp. Since Qrp is chemically a dipeptide derivative of cysteine and 
salicylic acid with a reduction step to yield the pentameric thiazole ring, it could be 
expected that at least three genes/ enzymes are involved in its biosynthesis. Since it 
was demonstrated that the disruption of NRPS PA2305 and PA2302 abrogates the 
synthesis of Qrp (Fig. 3-2), we analyzed the protein sequences of PA2305-2302 
cluster to assess the possibility of their involvement in this biosynthetic process using 
SMART sequence analysis (http://smart.embl-heidelberg.de/; Schultz et al., 1998; 
Letunic et al., 2008) and the NCBI Basic Local Alignment Search Tool for Proteins 
(BLASTP). The SMART domain prediction of the four proteins PA2305-2302 can be 
found in Fig. 3-8A. Orthologues of PA2305 and PA2302 were identified in P. 
aeruginosa strains C3719, LESB58, PACS2, PAb1, PA14 and 152504. PA2305 was 
found to be homologous to many non-ribosomal peptide synthases in various bacteria 
species, including Nostoc punctiforme PCC73102 (NCBI accession number: 
YP_001869919.1; 37% sequence identity); linear pentadecapeptide synthase in 
Brevibacillus brevis NBRC100559 (NCBI accession number: YP_002772374.1; 37% 
identity); non-ribosomal peptide synthase in Ralstonia solanacearum GMI1000 
(NCBI accession number: NP_522203.1; 38% identity) etc. Similarly, the 
homologues of PA2302 are also implicated in amino acid adenylation and non-
ribosomal peptide synthesis 2
                                                          
2 The accession numbers of the homologues are (not exhaustively): YP_001415917.1; 
YP_001544650.1; YP_004406161.1; YP_003835749.1; ZP_03232328.1; YP_004668194.1; 
YP_002261123.1; YP_111640.1; YP_433290.1) 
. The two proteins PA2304 and PA2303 are both 
predicted to be taurine catabolism dioxygenases and have over 40% sequence identity 
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with TauD/ TfdA proteins in other bacteria species such as Microcoleus vaginatus 
FGP-2 (NCBI accession number: ZP_08494733.1), Herpetosiphon aurantiacus 
ATCC 23779 (NCBI accession numbers: YP_001544647.1 and YP_oo1544873.1), 
Nostoc punctiforme PCC73102 (NCBI accession number: YP_001866803.1), 
Cyanothece sp. PCC 8801 (NCBI accession number: YP_002373168.1) and 
Crocosphaera watsonii WH 8501 (NCBI accession number: ZP_00516262.1). 
Interestingly, both proteins are similar to the pyoverdine synthesis regulatory protein 
in many strains of Pseudomonas syringae as well as the syringomycin synthesis 
regulatory protein SyrP in Pseudomonas putida. This suggests the involvement of all 
4 proteins encoded by the PA2305-2302 gene cluster in the non-ribosomal peptide 
synthesis pathway. Detailed information on the BLAST results for all four proteins 
can be found in Appendix 1 (Tables A1-4). 
Further, with the crystal structure of the adenylation (A) domain of gramicidin 
S synthetase (GrsA) solved (PDB accession number: 1AMU), the substrate-binding 
pocket activating phenylalanine amino acid could be visualized. Amino acids lining 
the pocket confer the specificity of the A domains for the corresponding substrates 
(Conti et al., 1997). This spearheaded the pioneering research on the amino acid 
substrate–binding pocket of other NRPSs. Owing to the similarity and conservation 
among peptide synthetases, putative amino acids lining the substrate-binding pocket 
of other NRPS A-domains could be “extracted” according to the order and positions 
originally found on GrsA primary structure. This forms the signature sequence. The 
accuracy and applicability of this method was tested on NRPSs whose identities of 
non-ribosomal peptide products and substrates were already experimentally proven. 
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By aligning the signature sequences on A domains of these non-ribosomal peptide 
synthases, and comparing them with the amino acid substrates, a selectivity-
conferring code of A domains could be derived (Stachelhaus et al., 1999; Challis et 
al., 2000).   
 Based on the suggestions provided, the amino acid sequence of PA2305 
NRPS was first aligned with that of GrsA (Swiss Prot accession number: P0C061.1), 
SrfAB2 (NCBI accession number: NP_388231.2) and GrsB3 (Swiss Prot accession 
number: P0C063.2) to extract the 10 core motifs (A1 to A10) of the substrate-binding 
pocket, and then the signature sequences (Fig. 3-8B and 3-8C). According to this 
method, the signature sequence for PA2305 was determined to be Asp235, Leu236, 
Tyr239, Asn278, Leu299, Ala301, Leu322, Thr330, Tyr331 and Lys517 (Fig. 3-8C 
and Table 3-6). By comparing with the signature sequences of NRPS with known 
substrates (Fig. 3-8C, Table 3-6, Stachelhaus et al., 1999), we deduced that PA2305 
activates the amino acid cysteine.  
The same alignment was done between PA2302 and GrsA, SrfAB2 and GrsB3 
to similarly determine the signature sequences of the substrate-binding pocket (Fig. 3-
8D). The signature sequence for PA2302 is Asp235, Ser236, Lys239, Asp278, 
Val299, Gly301, Leu322, Val330, Asn331 and Ile517 (Table 3-6). However, close 
comparison with known signature sequences (Fig. 3-8E) did not yield a satisfying 
conclusion on the identity of the amino acid substrate of PA2302 adenylation domain. 
Hence we looked to conserved domain search of the adenylation domain of PA2302 























Fig. 3-8. Biochemical structural basis of cysteine and salicylic acid activation by 
PA2305 and PA2302, respectively. (A) Domain prediction of PA2305-2302 cluster 
based on the SMART sequence analysis (http://smart.embl-heidelberg.de/). Locations 
of each domains on the respective proteins are represented as the amino acid numbers 
and colour coded: blue, amino acid adenylation (AMP); red, peptidyl carrier protein 
(PCP; PP); green, condensation; orange, TauD; pink, thioesterase. (B) Multiple 
sequence alignment (CLUSTALW; http://www.ebi.ac.uk/Tools/msa/clustalw2/) 
between the adenylation domains of GrsA, GrsB3, SrfAB2, PA2305, BacA2 and Irp2 
to identify the highly conserved core motifs that line the substrate binding pocket. 
The core sequences are A1: LTYxEL; A2: LKAGxAYVPID; A3: 
LAYxxYTSGTTGxPKG; A4: FDxS; A5: NxYGPTE; A6: GELxIxGxGLARGYW; 
A7: YKTGDQ; A8: GRxDxQVKIRGxRVELEEVE; A9: LPxYMIP; A10: NGKIDR, 
and those identified in the alignment are underlined and perfect match indicated in 
bold fonts. Signature sequences are highlighted in yellow. (C) Specificity-conferring 
signature sequences are extracted from PA2305. (D) Multiple sequence alignment 
(CLUSTALW) between the adenylation domains of GrsA, GrsB3, SrfAB2, PA2302 
and MenE to identify the specificity-conferring signature sequences. The core 
sequences (identified in B) are underlined and perfect match in bold fonts. Signature 
sequences are highlighted in yellow. (E) Table showing the signature sequences, 
amino acid substrates and the NRPSs examples (copied from Stachelhaus et al., 1999). 




that we have obtained is the MenE enzyme O-succinylbenzoate-CoA ligase (TIGR 
accession number: TIGR01923; Bit score= 99.45, E-value= 7.12e-12), involved in the 
biosynthesis of menaquinone (vitamin K2), which binds to and ligates 
succinylbenzoate to coA in the presence of ATP (Meganathan et al., 1981; Sharma et 
al., 1996). Since succinylbenzoate is structurally similar to salicylic acid (Fig. 3-8F), 
it is therefore possible that the adenylation domain of PA2302 activates the latter.  
By taking into consideration the structural assignments and assembly rules of 
the NRPS modules (Marahiel, 2009; Koglin and Walsh, 2009), the NRPS-catalyzed 
reactions and the structure of the final product, we have retro-engineered a putative 
biosynthetic pathway of Qrp (Fig. 3-9A and B). The two substrates cysteine (2) and 
salicylic acid (3) might be activated by the adenylation domains of PA2305 and 
PA2302, respectively. The activated amino acids are carried by the peptidyl-carrier 
proteins on the two NRPSs and united by condensation to yield product 4. A second 
condensation reaction occurred fusing the amino moiety of cysteine with the carbonyl 
oxygen of salicylic acid. The thioesterase/ reductase domain on PA2302 releases the 
product from the NRPS assembly as an aldehyde (6). The PA2304 and PA2303 
dioxygenase further oxidized the product into the completed Qrp (1) (Fig. 3-9A and 
B). However, as this remains an outcome of in silico prediction, to establish that Qrp 
is the direct product of PA2305-2302, feeding experiments and/ or co-expression of 




Table 3-6. The predicted substrate of PA2305 and PA2302 based on the signature 
sequences of the NRPS binding pocket. 




235 236 239* 278* 299* 301 322* 330 331* 517 
D L Y N M S M I W K Cysteine Irp2 
D L Y N L S L I W K Cysteine BacA 
D L Y N N A L T Y K Cysteine PA2305 
D S K D V G L V N I ? PA2302 







3.3.3 Exogenous addition of Qrp restores PQS gene expression and production in 
non-producer mutant  
To confirm the structure of the purified product and evaluate its biological 
relevance, we ordered the organic synthesis of the compound. When added to the 
non-producer Δ2305Δ2302, 10 nM of Qrp was sufficient to restore PQS production to 
twice that of wild type level (Fig. 3-10A). The optimum concentration for maximum 
induction of PQS production was 0.1 µM, and the minimum effective concentration 
was <10 nM. Exogenous addition of Qrp also restored the expression of the PQS 




           
 
Fig. 3-9. Predicted biosynthetic pathway of Qrp. (A) Predicted biosynthesis chain of 
Qrp involving all enzymes in the PA2305-2302 cluster. (B) (overleaf) Detailed 
biosynthetic pathway involving all the domains found within PA2305 and PA2302 
NRPS and the PA2304 and PA2302 monooxygenases. A: adenylation domain; P: 
peptidyl-carrier protein; C: condensation domain; Re: thioesterase/ reductase; D: 
TauD-like monooxygenase domain. The index notations indicate the particular NRPS 
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Fig. 3-10. Bioactivity assays of the isolated non-ribosomal peptide. (A) PQS spots of 
induced Δ2305Δ2302 on the TLC plates were analyzed by spot densitometry to show 
the relative levels quantitatively. (B) β-galactosidase activity assay of the level of 
induction by the pqsR promoter by Qrp. The data shown are the means of two repeats 




3.3.4 Qrp concomitantly restores PQS-controlled virulence factor pyocyanin and 
C4-HSL levels 
To test whether the PQS regulon can be upregulated by exogenous addition of 
Qrp, we assayed the hallmark phenotypes of the PQS system, namely the production 
of pyocyanin, and the downstream rhl system signal, C4-HSL. Both the pyocyanin 
and C4-HSL production in the non-producer mutant Δ2305Δ2302 demonstrated 
upregulation when Qrp was added exogenously. For C4-HSL production, 
concentrations of both 10 nM and 0.1 µM of Qrp were able to trigger a significant 
recovery of C4-HSL in Δ2305Δ2302 (Fig. 3-11A). The PQS and C4-HSL co-
regulated virulence factor pyocyanin showed a similar induction pattern, with 10 nM 
of Qrp triggering a marginal increase and 0.1 µM a full restoration to the wild type 
level (Fig. 3-11B).  
 
3.3.5 Production of Qrp is cell-density dependent 
 To assay the time course production of Qrp, the amount of Qrp peptide 
product was compared between the HPLC spectra from the extracts of various time 
points. Fig. 3-12A shows that the production of Qrp did not begin till after 4 hours 
post inoculation, and could be detectable at 6 hours. It increases steadily from 6 to 10 
hours and peaks at 10 hours, after which its levels start to decrease from 14 hours till 
20 hours when the assay ended. Fig. 3-12B gives a summary of the production of Qrp 
over the time course in which it was assayed. The signal accumulation trend of Qrp is  
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Fig. 3-11. Effects of exogenous addition of non-ribosomal peptide Qrp on the rhl 
quorum sensing system and pyocyanin production. (A) C4-HSL and (B) Pyocyanin 
production was restored by exogenous addition of Qrp to the non-producer 
Δ23052302. The data shown are the means of two repeats and the standard deviation 




synchronous with the expression patterns of its NRPS synthase cluster. Time course 
promoter activity assay of the PA2305 operon reflected a steadily increasing 
expression of PA2305-PA2302 which peaks at 6 hours post inoculation of bacteria. 
This coincides with the exponential growth phase of P. aeruginosa (Fig. 3-12C). 
Beyond 10 hours, the expression level decreases and stabilizes as the growth rate of 
the bacteria stabilizes (Fig. 3-12C). Furthermore, we also noticed a consistent 4 hour 
delay between the expression of PA2305 and Qrp accumulation which most possibly 
was the time required for transcription and translation of PA2305-2302 and 







                
Fig. 3-12. Time course assay on Qrp production. (A) Set of enlarged HPLC spectra 
on the Qrp product peak at various times post-inoculation, indicated on the respective 
diagrams. (B) Composite graphs of Qrp production profile with cell densities of P. 
aeruginosa PAO1 over time. (C) Composite graphs of PA2305 expression with cell 




3.4 Discussion  
The chemical structure of the non-ribosomal peptide product Qrp was 
confirmed to be 4-Thiazolecarbaldehyde, 2-(2-hydroxyphenyl), an aldehyde form of 
aeruginoic acid. Qrp was originally isolated from Burkholderia cenocepacia as one of 
the biosynthesis intermediates of the siderophore (also a non-ribosomal peptide) 
pyochelin (Poole and McKay, 2003; Youard et al., 2011), but no known function of 
Qrp in B. cenocepacia nor the identity of its biosynthesis gene cluster have been 
reported. Therefore this thesis remains the first in reporting the PQS-regulating 
function of Qrp and characterization of its biosynthetic gene cluster.   
During the preparation of this thesis, Lee and co-workers reported the 
involvement of PA2306-2302 gene cluster in the production of Pseudomonas 
aeruginosa antimetabolite L-2-amino-4-methoxy-trans-3-butenoic acid (AMB), 
which inhibits the growth of Escherichia coli K-12 (Lee et al., 2010). However since 
AMB is a methoxyvinylglycine, (i.e. one glycine amino acid with substitutions of 
methoxyvinyl functional group), it is unlikely to be the synthetic product of PA2305-
2302 NRPS cluster, since there are two adenylation domains in the synthase complex, 
the precursor ought to be a dipeptide (Koglin and Walsh, 2009; Marahiel, 2009).  
From our own BLASTP results, none of the homologues of PA2305-2302 were 
implicated in AMB biosynthesis, consistent with that reported by Lee et al. (Lee et al., 
2010). Further, multiple sequence alignments between the non-ribosomal peptide 
synthases PA2305 and PA2302 with Irp2 (yersiniabactin) and PchDEF (Pyochelin) 
revealed considerable consensus between the proteins (Table 3-7). Coupled with the 
structural similarities between Qrp, pyochelin and yersiniabactin, the function of the 
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PA2305-2302 cluster leaned much closer to the biosynthesis of Qrp than that of AMB. 
Exogenous addition of purified AMB did not restore PQS production in ∆2305 
mutant (data not shown). This suggests that PA2305-2302 may be involved in more 
than one biochemical pathway and/ or have different physiological functions.  
 Having verified the structural identity of Qrp, the focus was on the bioactivity 
of Qrp on the PQS quorm sensing system. The ability of Qrp to restore not just PQS 
gene expression and production, but its dependent C4-HSL (rhl QS system) and their 
co-regulated virulence factor pyocyanin, attested to the positive influence Qrp exerts 
on the P. aeruginosa quorum sensing system. Furthermore, the low concentration of 
Qrp (10 nM) required to induce/ or restore PQS production reduced the possibility of 
the regulation occurring at a biosynthetic or substrate level. On the contrary, it 
suggests a signal-type trigger by Qrp and the increase in PQS and its controlled 
phenotypes as a resultant response.  
To further explore this concept, we need to understand the hallmarks of a 
biological signal. If we model after the las quorum sensing signal system, consisting 
of the signal synthase LasI, the synthesized signal 3-O-C12-HSL, and the cognate 
signal receptor LasR, three main criteria can be derived. Firstly, the effective 
concentration range of a signal should be in micromolar or nanomolar range, as is the 
case for 3-O-C12-HSL, where 1 µM is sufficient to induce global transcription of las-
regulated genes (Schuster et al., 2003). Next, to qualify as a quorum sensing signal, 
the production and accumulation of the candidate should be cell density-dependent. 
Pesci and co-workers have proven this in a time-course assay on the expression of 
lasR, whose expression was activated with increased concentration of 3-O-C12-HSL  
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Table 3-7. Alignment results of NRPS involved in Qrp, yersiniabactin and pyochelin  
biosynthesis.       






Query name Query 
sequence 
length (a.a.) 




PA2305 1249 Irp2 2041 19.0 
PA2302 2124 Irp2 2041 16.0 
PA2305 1249 PchD 547 19.0 
PA2302 2124 PchD 547 23.0 
PA2305 1249 PchE 1438 16.0 
PA2302 2124 PchE 1438 20.0 
PA2305 1249 PchF 1809 21.0 
PA2302 2124 PchF 1809 17.0 
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and hence an indication of 3-O-C12-HSL production (Pesci et al., 1997). In this thesis, 
we have also shown that both the accumulation pattern of Qrp and the gene 
expression of its cluster PA2305-2302 mirrors that of the cell-density in P. 
aeruginosa. Although we have yet to gather evidence on the autoinducing abilities of 
Qrp, taken together, this chapter has presented substantial evidence that Qrp qualifies 
as a novel quorum sensing signal.  
 Further, the imminent questions concerning the suitability of Qrp as a new 
quorum sensing signal candidate are its applications and relative contribution to the 
intercellular communication network in P. aeruginosa. What roles does it play within 
the quorum sensing framework consisting of las, rhl and PQS? Does Qrp exist as an 
independent factor that selectively regulates at the PqsR/ PQS level, or is it regulated 
by the master regulator las? If Qrp was evolved as a signal to solely control PQS, 
what is the biological significance in doing so? If not, will the Qrp system have its 
own regulon? These questions were answered in the following chapters. Chapter 4 
describes a secondary messenger in the Qrp-effected PQS regulation pathway. 
Chapter 5 shows that Qrp could represent alternative quorum sensing signal system, 




THE DOWNSTREAM SIGNALING INTERMEDIARY 
PYOCHELIN 
4.1 Introduction  
  Pyochelin is the non-ribosomal peptide product consisting of salicylic acid 
and two molecules of cysteine amino acid (Cox et al., 1981; Poole and McKay, 2003; 
Youard et al., 2011) (Fig. 4-1). Compared to the primary siderophore produced by 
Pseudomonas aeruginosa pyoverdine, pyochelin binds to Fe3+ ions at a lower affinity 
and stoichiometry of 2:1 (Cox and Graham, 1979). However it is still considered 
effective in acquiring iron from extracellular media (Cox, 1980) and transferrin 
(Sriyosachati and Cox, 1986). The biosynthesis cluster of pyochelin consists of two 
separate operons: the pchDCBA cluster responsible for synthesis of the precursor 
salicylic acid and the pchEFGHI cluster for the non-ribosomal peptide synthase 
machinery (Serino et al., 1995; Serino et al., 1997; Reimmann et al., 1998; 
Reimmann et al., 2001; Gaille et al., 2002). FptA, the gene encoding for the 
pyochelin internalization receptor, is located immediately downstream of pchI 
(Ankenbauer and Quan, 1994).  
Expression of pyochelin biosynthesis genes and its production are dependent 
on the level of extracellular iron and presence of pyochelin molecules. Iron limitation 
in the extracellular milieu triggers the activity of Fur, which in turn upregulates the 
expression of fptA, pchDCBA and pchEFGHI (Poole and McKay, 2003). Regulation 
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of pyochelin production is also dependent on PchR, an AraC-class of transcriptional 
regulator, which is in turn regulated by Fur and iron limitation (Heinrichs and Poole, 
1993; Ochsner and Vasil, 1996). Further, pyochelin is positively self-regulated (Poole 
and McKay, 2003). Pyochelin deficient mutants were found to have low levels of fptA, 
pchDCBA and pchEFGHI expression, which was reversed when exogenous pyochelin 
was supplied (Heinrichs et al., 1991; Gensberg et al., 1992; Reimmann et al., 1998; 
Gaile et al., 2002), and this process requires an intact PchR (Heinrichs and Poole, 
1996).   
Aside from iron chelation and uptake, pyochelin was found to be able to 
trigger the inflammatory response (alongside the phenazine pyocyanin) in plant hosts 
infected with P. fluorescens (Cornelis, 2010). In P. aeruginosa, pyochelin was also 
implicated as a virulence determinant, owing to its ability to catalyze the formation of 
host tissue-damaging free radicals species (Coffman et al., 1990; Britigan et al., 1992; 
Britigan et al., 1994; Britigan et al., 1997; DeWitte et al., 2001). The findings 
presented in previous chapters point to Qrp as a potential quorum sensing signal that 
regulates PQS and rhl quorum sensing system and their co-regulated phenotypes in P. 
aeruginosa. However, the mechanism by which this occurred is still not elucidated. 
From the microarray data presented in Chapter 2, the disruption of PA2305 leads to a 
decrease in expression of the entire pyochelin biosynthesis gene cluster. Since 
pyochelin is also a non-ribosomal peptide (Poole and McKay, 2003; Youard et al., 
2011) and that it is under the control of Qrp, we wondered whether pyochelin would 
have a similar effect on PQS, and whether it plays a role in the Qrp signaling pathway. 
In this chapter, we present evidence that pyochelin plays a role in the regulation of the 
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PQS quorum sensing system in P. aeruginosa and serves as a signaling intermediary 
between Qrp and PQS.   
 
4.2 Materials and Methods 
4.2.1 Bacteria strains and growth conditions  
The bacterial strains and plasmids used in this study are listed in Table 5-1. The P. 
aeruginosa bacteria cells were cultured in Luria Bertani medium, and LB agar at 
37oC. Liquid cultures were shaken at 250 revolutions per minute (rpm). To assay 
pyochelin production, modified MINS minimal medium with reduced glycerol 
content was used (composition described in 3.2.1) (Nicas and Iglewski, 1984). The 




Table 4-1. Bacteria strains and plasmids used in this study. 
Strain Characteristics Reference or source 
   





F- φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR 
recA1 







S17-1 λpir TpR SmR recA, thi, pro, hsdR-M+RP4: 2-
Tc:Mu: Km Tn7 λpir 
Laboratory 
collection 












P. aeruginosa standard lab strain  
 
 
























pchE in-frame deleted mutant derived from 
PAO1  
 
Strain ΔpchE containing the expression 
construct pUCP-pchE 
 
PA2305 and PA2302 in-frame deletion double 
mutant of PAO1 
 
PA2305, PA2302 and pchE in-frame deletion 









































E. coli-Pseudomonas aeruginosa shuttle vector 
derived from pUC19 ; Cbr 
 
pUCP19 vector bearing the open reading frame 
of PA2305; Cbr 
 
pUCP19 vector bearing the open reading frame 
of pchE; Cbr 
 
Broad-host-range gene replacement vector; 
sacB, Knr 
 
pK18-mobsacB with Gmr cassette inserted at 
NcoI site; Gmr  
 
pk18-Gm-mobsacB containing the pchE  
flanking region with the gene being deleted in-
frame 
 
pk18-Gm-mobsacB containing the PA2305  
flanking region with the gene being deleted in-
frame 
 
pk18-Gm-mobsacB containing the PA2302  




























Abbreviations: Cbr, carbenicillin resistant; Gmr, gentamicin resistant; Knr, 
kanamycin resistant.  
 
 
4.2.2 Genetic deletion and complementation  
To carry out the in-frame deletion of pchE, the suicide vector pK18-Gm-mobsacB 
was ligated with the products amplified with primer pairs del-pchE-UpF/UpR, and 
del-pchE-DnF/DnR (Table 4-2). The vector was digested by the restriction enzymes 
EcoRI and XbaI. The inserts (Up and Dn fragments) were digested with the 
restriction enzymes EcoRI/ SacI and SacI/ XbaI, and all three fragments were added 
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into the ligation mix. The resultant pK18-del-pchE construct was screened by PCR 
and confirmed by sequencing. Deletion of the internal sequence of pchE was carried 
out by allelic exchange following the method described previously (Slater et al., 
2000). The transconjugants were further screened by PCR using the ctr-pchE-F/R 
primers, and successful deletion strains were hence identified and selected. For in-
frame triple deletion of PA2305, PA2302 and pchE, the suicide vector pK18-del-pchE 
bearing S17-1 was mated with the P. aeruginosa parent strain ∆2305∆2302, and the 
mutants were screened as stated above.  
Complementation of the ΔpchE and Δ2305Δ2302ΔpchE mutants was carried 
out by inserting the promoter and coding regions of pchE into the E.coli-
Pseudomonas shuttle vector pUCP19 driven by the Plac promoter. The pchE insert 
was amplified by PCR using the primers com-pchE-F/R (Table 4-2). The vector and 
insert were digested and subsequently ligated, whereupon the ligation mixtures were 
transformed into E. coli DH5α. The constructs were verified by colony PCR and 
sequencing, and transformed into P. aeruginosa mutants. Transformants were 
selected on LB agar plates containing 300 µg/ml of carbenicillin.  
 
Table 4-2. PCR primers used in this study. 
Primer Sequence 















For in trans expression 
 
 
com-pchE-F-XbaI 5’ACTCTAGAGCAACCGACCTCAGAT GCTTG 
com-pchE-R-SacI 









4.2.3 Construction of reporter strain and quantification of PQS 
As described in Chapter 3. 
 
4.2.4 PQS extraction and quantification  





4.2.5 Pyocyanin extraction and quantification  
As described in Chapter 3.  
 
4.2.6 RNA extraction, microarray analysis and real time PCR  
As described in Chapter 2.  
 
4.2.7 High performance liquid chromatography (HPLC) analysis of pyochelin  
The strains PAO1, ΔlasIΔpqsA (pUCP-PA2305, pDSK-PA2302), as well as the 
Δ23052302 non-producer mutant strain were grown in MINS minimal media (Nicas 
and Iglewski, 1984) overnight with agitation at 37ºC. The bacterial culture was then 
centrifuged and the supernatants subsequently filtered with a membrane of 0.22 μM 
pore size to eliminate all residual unpelleted bacterial cells. Equi-volume of ethyl 
acetate was used to extract the supernatants and the upper organic phase was 
collected, dried down and dissolved in methanol. The crude extract was analyzed by 
high performance liquid chromatography using a C18 reverse-phase column 
(Phenomenex Lunar 5 µM 250 X 4.6 mM) eluted with acetonitrile-water gradient at a 
flow rate of 1ml min-1 (Table 4-3). The pyochelin peak in the crude extract spectra 
was identified as that having the same elution time as the synthetic pyochelin 
standard. To further confirm the identity of the peaks, the relevant fractions were also 




Table 4-3. HPLC flow gradient. 





1 - 1 95 5 
2 5 1 95 5 
3 50 1 25 75 
4 51 1 5 95 
5 55 1 5 95 
6 56 1 95 5 
7 60 1 95 5 
Legend: %A denotes the relative percentage of water, %B denotes relative percentage 




4.3.1 Abrogation of pyochelin biosynthesis reduces PQS production  
To understand the relationship between pyochelin and the PQS quorum 
sensing, in-frame deletion of two pyochelin synthesis genes were individually 
conducted. The pchE deletion mutant was assayed for PQS production, together with 
wild type PAO1 and the complementation strain of pchE. The results showed that 
when pchE was disrupted, PQS production was drastically reduced compared to wild 
type. In the complementation strain ΔpchE (pchE) PQS production was restored to 
the wild type level (Fig. 4-2A). 
146 
 
4.3.2 Exogenous addition of synthetic pyochelin increases PQS production and 
upregulates pqsR gene expression  
Since PchE functions as part of the NRPS megasynthase complex and the 
synthesis and completion process of the final product pyochelin generates many 
species of intermediates, we need to confirm whether the causative factor behind the 
positive regulation of PQS was pyochelin, its synthesis intermediates, or even other 
possible downstream factors. Synthetic pyochelin was added to the ΔpchE mutant and 
the PQS production and pqsR gene expression were profiled. Figure 4-2B shows that 
when pyochelin was added in the concentration range from 0.1 to 10 µM, PQS 
production was increased compared to ΔpchE (methanol) control. The optimum 
concentration of pyochelin required to elicit PQS production close to that of wild type 
was 0.1 µM. Interestingly, higher concentrations of pyochelin did not increase PQS 
induction, on the contrary, increasing pyochelin concentration decreased PQS 
production, and addition of 100 µM of pyochelin even abolished the production of 
PQS (Fig. 4-2B). This decrease in PQS production was not due to growth inhibition 
caused by high concentrations of pyochelin, as shown in Figure 4-2C.  
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4.3.3 Pyochelin synthesis gene pchE is downregulated in ∆2305 mutant 
 From the microarray analysis of genes differentially expressed between PAO1 
and ∆2305, the pyochelin biosynthesis cluster was found to be downregulated by 
more than 2-fold in the mutant (Table 4-4). To validate the microarray results, real-
time RT-PCR was carried out on pchE using the mRNA from PAO1 and ∆2305. 
From Fig. 4-3A it is evident that pchE expression was reduced when PA2305 was 
disrupted, confirming that PA2305 positively controls the expression of pyochelin 
biosynthesis cluster. 
 
4.3.4 Pyochelin production is reduced when PA2305 and PA2302 were disrupted 
To assay whether the downregulation of pchE gene expression translates into 
an actual physiological drop in pyochelin production level, we determined the 
pyochelin production/ accumulation level in wild type PAO1 and ∆2305∆2302. The 
results showed that pyochelin production was substantially reduced in the Qrp- 




Table 4-4. Microarray data of expression of pyochelin biosynthesis gene cluster in 
PAO1 vs. Δ2305 (fold change ≥1.5). 
Accession 
number Gene name 
Fold 
change Gene function  
PA4221 fptA -3.08 Fe(III)-pyochelin outer membrane 
receptor precursor; pyochelin 
biosynthetic process 
PA4228 pchD -3.05 pyochelin biosynthesis protein PchD; 
pyochelin biosynthetic process 
PA4224 pchG -2.94 pyochelin biosynthesis protein PchG; 
pyochelin biosythetic process 
PA4225 pchF -2.9 pyochelin synthetase; pyochelin 
biosynthetic process 
PA4230 pchB -2.81 salicylate biosynthesis protein PchB; 
pyochelin biosynthetic process 
PA4229 pchC -2.6 pyochelin biosynthetic protein PchC; 
pyochelin biosynthetic process 
PA4231 pchA -2.57 salicylate biosynthesis isochorismate 
synthase; pyochelin biosynthetic 
process 
PA4226 pchE -2.51 dihydroaeruginoic acid synthetase; 
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Fig. 4-2. Effects of pyochelin on PQS production. (A) Relative production of PQS in 
PAO1, ΔpchE and ΔpchE (pchE). (B) PQS production in ΔpchE supplemented with 
exogenous pyochelin (PCL) in concentrations of 0 (methanol control), 0.1, 1, 10 and 
100 µM. The amount of PQS was analyzed using thin layer chromatography and PQS 
spots quantified using spot-densitometry. (C) Cell densities of P. aeruginosa cultures 
from which PQS (B) were extracted. The data shown are the means of two repeats 




4.3.5 Qrp regulates PQS production through pyochelin  
Now that we have ascertained that Qrp (Chapter 3) and pyochelin positively control 
PQS, and that Qrp induces the expression and production of pyochelin, the next 
question to be answered is how these three signaling molecules are connected. If they 
are serially related, i.e. Qrp pyochelin PQS, then the removal of pchE from the P. 
aeruginosa genome will render the addition of exogenous Qrp useless in the PQS 
bioassay. If Qrp and pyochelin have degenerate functions (parallel), then addition of 
Qrp alone to the Δ2305Δ2302ΔpchE triple mutant will restore PQS production. The 
results in Figure 4-4 show that when the double deletion mutant Δ2305Δ2302 was 
supplemented with either 0.1 µM of Qrp or pyochelin, PQS production could be 
restored by exogenous addition of pyochelin. From here, we can see that both Qrp 
and pyochelin can rescue PQS from the mutant disrupted in PA2305 and PA2302. 
However, when pchE was also disrupted in the triple mutant Δ23052302pchE, only 
exogenous pyochelin but not Qrp could restore its PQS production. This implies that 
without a functional PchE, Qrp was unable to complete the signaling circuit between 
itself and PQS. Taken together, the above results demonstrate that pyochelin 





              
Fig. 4-3. PA2305 positively regulates gene expression of pyochelin biosynthesis 
genes and pyochelin production. (A) Real time RT-PCR of relative pchE gene 
expression between wild type PAO1 and Δ2305 mutant. (B) Relative pyochelin 
production between PAO1 and Δ2305Δ2302 indicated as area under the pyochelin 
product peak on the HPLC spectrum of the respective strains. 
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Fig. 4-4. Tripartite signaling relay between Qrp, pyochelin and PQS. The relative 
amount of PQS produced between P. aeruginosa wild type and various mutant strains 
with or without exogenous supplementation of 0.1 µM of Qrp or pyochelin (PCL). 
Methanol was added as a solvent control. The data shown are the means of two 




4.4 Discussion  
 In this chapter we present evidence that the siderophore pyochelin positively 
regulates the PQS quorum sensing system in P. aeruginosa. Previous study showed 
that the NRPS gene pchE is essential for the production of pyochelin (Diggle et al., 
2007). In this study, we found that the mutant strain ∆pchE produced lower levels of 
PQS than wild type strain (Fig. 4-2A). When pchE was overexpressed in trans in wild 
type PAO1, PQS production levels increased by 100% (Fig. 4-2A). Consistent with 
above findings, exogenous addition of synthetic pyochelin to ∆pchE restored PQS 
production back to wild type levels (Fig. 4-2B).  
 Relationship between PQS and pyochelin has been described previously by 
Diggle and co-authors. They proposed that PQS quorum sensing signal additionally 
functions as an iron trap (but not a siderophore), rapidly quenching extracellular free 
Fe(III) ions, which leads to a drop in free iron levels. This most likely derepresses Fur 
which in turn activates the expression of pyoverdine and pyochelin biosynthesis 
genes, as observed by the authors3
                                                          
3 Gene expression of pchE was upregulated by 17-fold when 20 µM of PQS was added 
exogenously to the ∆pqsA mutant (Diggle et al., 2007).  
. This led to the conclusion that PQS controls 
pyochelin, contrary to the data shown in this chapter. However we argue that this 
phenomenon was most probably owing to the iron homeostasis and competition 
mechanism in P. aeruginosa and this was also suggested by Diggle et al, who 
described that the iron-chelating/deprivation activity of PQS induces the expression 
and production of authentic siderophores pyoverdine and pyochelin. What we have 
observed and concluded in this chapter are the positive effect of pyochelin on the 
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PQS quorum sensing system. Importantly, the effective concentration of exogenous 
pyochelin required to restore PQS production was 200-fold lower than that required 
for PQS to induce pchE gene expression (Fig. 4-2B). This increases the likelihood 
that pyochelin is a signal which triggers the upregulation of PQS. In this study, we 
also observed that an increase in the concentration of pyochelin did not translate into 
a dose-dependent increase in PQS production by the ΔpchE mutant. On the contrary, 
addition of 100 μM of pyochelin caused a slight inhibitory effect on PQS. We 
surmise that this may again be due to the homeostasis of extracellular iron, although 
the flow of events was reversed in this instance. Free ferric ions were rapidly bound 
by the exogenous pyochelin, which existed in high concentrations. Unlike PQS 
however, a true siderophore like pyochelin would enable the downstream transfer and 
internalization of the chelated Fe3+ ions. The high cytoplasmic iron concentration 
might have hampered the induction of PQS. However more evidence is required to 
support this claim.  
The second part of this chapter was dedicated to test the potential tripartite 
signal relay among Qrp, pyochelin and PQS. From the results, it is apparent that 
PA2305, and hence most likely Qrp, positively controls the gene expression of pchE 
(Fig. 4-3A, Table 4-4). This induction of gene expression is translated into actual 
increase in pyochelin production level, since the deletion of PA2305 and PA2302 
caused a drop in pyochelin (Fig. 4-3B). Moreover, the ability of exogenous pyochelin 
and not Qrp to restore PQS production in the triple deletion mutant strain 
∆23052302pchE (Fig. 4-4) adheres to the hypothesis that the signaling pathway is a 
serial, step-wise relay, rather than parallel events. Figure 4-5 shows the possible 
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signaling pathway constructed from the experimental evidence in the past chapters of 
this thesis. Gilbert and co-workers have shown that LasR binds to the promoter region 
of PA2305 operon and thereby controlling its expression, postulating that PA2305-
2302 are positively regulated by the las quorum sensing system (Gilbert et al., 2009). 
Under standard conditions therefore, when the P. aeruginosa bacterial population 
increases and the 3-O-C12-HSL autoinducer concentration increases and crosses the 
threshold, LasR is activated and in turn activates the gene expression of its regulon, 
including PA2305-2302. Though the mechanisms remain unclear, the consequent 
production of Qrp then activates the expression and production of pyochelin, which 
lead to the eventual upregulation of PQS regulon.  
Though this may highlight the importance of both Qrp and pyochelin, it presents a 
double-edged sword. The PQS quorum sensing system is already under the positive 
induction and control of the las quorum sensing system, hence it would seem counter-
intuitive for P. aeruginosa to invest valuable resources in not one, but two NRPS 
clusters, which are large in size (above 20 Kb in total), more time and energy 
consuming (since regulation was found to be via the NRP products). As it is, many 
transcriptional regulators have already been discovered in P. aeruginosa capable of 
playing the role of modulating the quorum sensing system, through more direct and 
economical mechanisms. Therefore it is imperative to investigate the possible usages 
or significance of evolving and maintaining this complex alternative bypass, as well 
as to identify special conditions under which this Qrp-pyochelin-PQS activation route 






Fig. 4-5. Simplified quorum sensing network of P. aeruginosa displaying the 
relationship between Qrp and pyochelin and the previously described las, rhl and 




CHAPTER 5  
REGULATORY ROLES OF QRP IN NON-STANDARD 
CONDITIONS 
5.1 Introduction  
 From our current knowledge it is apparent that quorum sensing is a major 
contributor of virulence phenotypes in P. aeruginosa, and intensive efforts were made 
to understand the signal relay process in a bid to develop alternative therapeutic 
methods against the opportunistic human pathogen. In the course of this study, we 
have shown that the biosynthetic cluster PA2305-2302 controls the synthesis of the 
non-ribosomal peptide product, Qrp. We further postulate that Qrp functions like a 
quorum sensing signal that acts downstream of LasIR in the quorum sensing 
hierarchy. Under standard conditions, Qrp positively regulates PQS and rhl quorum 
sensing systems and their co-regulated virulence factors pyocyanin and elastase 
through a downstream signaling intermediary pyochelin. 
In line with the original objectives of this thesis, we wonder whether the 
newly discovered Qrp quorum sensing signal would be regulated differently or have 
dedicated roles in the conditions other than the standard LB growth medium. Since 
Pseudomonas aeruginosa is one of the most common agents involved in nosocomial 
infections and the primary cause of chronic lung infection and mortality amongst 
cystic fibrosis sufferers, understanding the biochemical and metabolic profiles of P. 
aeruginosa in the conditions that mirror closely to that in the host would be rational 
to investigate the role of Qrp in pathogenesis. Therefore we picked two types of 
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defined growth media to “recreate” in the laboratory the disease-like growth 
conditions P. aeruginosa would be subjected to in the host, in particular, that of 
chronically infected lung tissue. The first medium exerts phosphate limitation 
pressure on the bacteria and the second is a nutritionally poor medium, two most 
common deprivations that P. aeruginosa is exposed to (Terry et al., 1991). Here, we 
show that PA2305-2302 expression can be recovered in phosphate-depleted 
conditions in the absence of a functional LasI or LasR, as well as in P. aeruginosa 
clinical isolates during starvation conditions. This increase in expression is translated 
into an increase in Qrp signal production, which could be indirectly linked to the 
increase in virulence factor gene expression. The findings in this chapter lend 
substantial support to Qrp as an alternative quorum sensing signal in non-standard 
conditions.  
   
5.2 Materials and methods  
5.2.1 Bacteria strains and growth conditions  
The bacterial strains and plasmids used in this study are listed in Table 6-1. The P. 
aeruginosa bacteria cells were routinely cultured in Luria Bertani medium and LB 
agar at 37oC. Liquid cultures were shaken at 250 revolutions per minute (rpm). P. 
aeruginosa strains were also cultured in minimal medium (MM; per liter containing 
mannitol, 2.0 g; (NH4)2SO4, 2.0 g; K2HPO4, 10.5 g; KH2PO4, 4.5 g; MgSO4.7H2O, 
2.0 g; FeSO4, 5 mg; CaCl2, 10 mg; MnCl2, 2 mg; pH 7.0) (Zhang and Kerr, 1991), 
wherever stated. To understand the effect of phosphate depletion on P. aeruginosa 
gene expression, low phosphate Pseudomonas medium P (PA; 20 g of pancreatic 
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digest of gelatin (Difco), 1.4 g MgCl2 (Sigma), and 10 g K2SO4 (Sigma) per liter of 
H2O) was used. The antibiotics carbenicillin and tetracycline was added to the 
medium at 300 μg ml-1 and 100 μg ml-1 respectively, when required.  
 
5.2.2 Construction of ProPA2305-lacZ transcriptional fusion reporter and β-
galactosidase activity  
The promoter region of PA2305 between -402 to 15 bp with respect to the PA2305 
start codon was amplified using the primer pairs listed in Table 6-2 with EcoRI and 
XhoI restriction sites attached. The PCR products were digested with the restriction 
enzymes and ligated to the similarly digested vector pME2-lacZ. The construct was 
verified by DNA sequencing and subsequently transformed into the P. aeruginosa 
PAO1, ΔlasI and ΔlasR mutant to get the strains PAO1 (p5Z), ΔlasI (p5Z) and ΔlasR 
(p5Z) respectively.  
 
5.2.3 Genetic deletion  




Table 5-1. Bacteria strains and plasmids used in this study. 
Strain Characteristics Reference or source 
   





F- φ80dlacZΔM15 Δ(lacZYA-argF)U169 deoR 







S17-1 λpir TpR SmR recA, thi, pro, hsdR-M+RP4: 2-
Tc:Mu: Km Tn7 λpir 
Laboratory 
collection  






























lasI in-frame deleted mutant derived from 
PAO1 
 




Strain PAO1 bearing the construct p5Z 
 
Strain ΔlasI bearing the construct p5Z 













This study  
   
ATCC 27853 
 
P. aeruginosa (Schroeter) Migula, Boston 





P. aeruginosa (Schroeter) Migula, Boston 2192 





















   





pME-lacZ vector with Plac removed; Tcr 
 
 
pME-lacZ vector with the PA2305 promoter 







Abbreviations: Cbr, carbenicillin resistant; Tcr, tetracycline resistant.  
 
 
Table 5-2. PCR primers used in this study. 
Primer Sequence 
 











For promoter construct 
expression 
 
pro-PA2305F-XbaI 5’- acgaattcgtgctgtacaccatcctgcg 




For real-time PCR analysis 
 
PA2305 left   




















5’ - ggcattccgctgcactat 
5’ - accgtcacttccgtcagttc 
5’ - gccatgagcctagccttg 
5’ - gcattgtcgaactggtcgt 
5’ - tgcgttgcatgatcgagt 
5’ - cgggttggacatcagcat 
5’ - atgaacctgtcggagagcac 
5’ – aacggcagttcgttgacc  
5’ - ttgcgatcatgggtgtttc 
5’ – gagtttggacacgtcgatca 
5’- cctcgattggagtgccttc 
5’- gaacccgaggtgtattgcag 
5’ - cttcgaagcactggtggag 






5.2.4 RNA extraction, microarray analysis and real time PCR  
P. aeruginosa was grown in LB medium till the OD600 reached 1.5. The total RNA 
was isolated using the RNeasy mini kit (Qiagen) according to the manufacturer’s 
instructions. The RNA purity and integrity following genomic DNA digestion 
(DNase I Recombinant, Roche) were assessed by UV spectrophotometry and gel 
electrophoresis respectively. Real-time PCR analysis was performed using the 
QuantiTect SYBR Green PCR kit (Qiagen) on the LightCycler® 4.0 system (Roche) 
according to manufacturer’s instructions. The primers used were designed based on 
the manufacturer’s probe library design website (https://www.roche-applied-
science.com/sis/rtpcr/upl/index.jsp?id=uplct_030000) and are listed in Table 6-2.  
 
5.2.5 Elastase assay  
As described in Chapter 2. 
 
5.2.6 Pyocyanin extraction and quantification  
As described in Chapter 2. 
 
5.2.7 PQS extraction and quantification  
As described in Chapter 2.  
 
5.2.8 Mouse virulence assay  
To test the importance of Qrp towards virulence, we inoculated P. aeruginosa strains 
PAO1, ΔlasI and ΔlasIΔ2305 were inoculated at 5 × 10 6 colony forming units 
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(C.F.U.) per mice via the intra-tracheal route of administration into two batches of 
mice. The first batch consisted of male, 9-weeks old BALB/C mice, and the second 6-
weeks old FVB/N female mice. Six mice were used per test group and mice survival 




5.3.1 Expression of PA2305 operon is tightly controlled by the LasIR QS system 
in standard medium  
From previous studies, we have gained some clues that the expression of 
PA2305 is controlled by the las quorum sensing system (Gilbert et al., 2009). In this 
study, we showed directly that the absence of the las autoinducer 3-O-C12-HSL or its 
cognate receptor LasR eradicates all expression of PA2305, as evidenced by the 
activity of PA2305 promoter-driven β-galactosidase (β-gal). When either LasR or the 
3-O-C12-HSL synthase LasI was deleted, expression of PA2305 was nearly 
undetectable, a sharp contrast to wild type (Fig. 5-1). The PA2305 promoter-directed 
β-gal activity was restored upon exogenous addition of 1 µM of 3-O-C12-HSL to 
∆lasI (Fig. 5-1). This confirms that PA2305 expression is dependent on the las system 






5.3.2 Las quorum sensing system relinquishes control of PA2305 under 
phosphate depletion  
 To further explore whether environmental stress surrounding P. aeruginosa 
could alter the control of las on the expression of PA2305, we subjected PAO1 and 
the quorum sensing mutants, ΔlasI and ΔlasR to phosphate depletion. As shown in 
Fig. 5-2, the expression of PA2305 in low phosphate medium reached 65% of that in 
standard rich medium, despite the loss of its positive regulator LasI or LasR.  
 
5.3.3 Qrp production concomitantly increases under phosphate depletion  
Since we have proven earlier that PA2305 is one of the genes involved in the 
synthesis of Qrp, it is in our interest to investigate whether the increase in gene 
expression translates into a concomitant increase in Qrp non-ribosomal peptide 
production. Utilizing HPLC separation, the peak areas of Qrp in crude extracts of 
PAO1 and ΔlasI grown in standard medium were compared with that grown in low 
phosphate medium (Fig. 5-3). The results show that in phosphate depleted conditions, 
the production in Qrp is no longer controlled by quorum sensing, and there is an 




                       
 
Fig. 5-1. Expression of PA2305 in las quorum sensing mutants. β-galactosidase assay 
of the PA2305 promoter activity was done in PAO1, ∆lasR, ∆lasI, and ∆lasI 
supplemented with 1 µM of 3-O-C12-HSL (OdDHL). The data shown are the means 





                   
 
Fig. 5-2. Relative expression of PA2305 in rich (LB) medium and phosphate depleted 
(PA) medium. The PA2305 promoter region was transcriptionally fused with lacZ. 
The data shown are the means of two repeats and the standard deviation (SD) is 
shown by error bar. 
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 5.3.4 Virulence factors expression increases under phosphate depletion  
To further highlight the importance of PA2305 and Qrp in regulating 
virulence in P. aeruginosa in a las–independent background, we assayed the 
expression of virulence factors genes in phosphate depleted medium between PAO1 
and the las-disrupted strains ΔlasI and ΔlasR. The virulence factors genes tested were 
known to be controlled by the P. aeruginosa quorum sensing systems (Schuster et al., 
2003; Smith and Iglewski, 2003) under standard conditions. The PQS biosynthetic 
gene pqsA, and rhlR the gene encoding for receptor of autoinducer C4-HSL of the rhl 
quorum sensing system were also included in the assay. Fig. 5-4 shows that under 
standard conditions, all the virulence genes assayed by real time RT-PCR showed 
lower expression in both ΔlasI and ΔlasR mutants compared to wild type PAO1. 
However, when subjected to low phosphate conditions, all virulence factors 
genes demonstrated a recovery in expression in both ΔlasI and ΔlasR mutants, with 
pqsA, rhlB, a rhamnolipid synthesis gene and rhlR showing the highest increase in 
expression compared to the respective levels under standard conditions. Additionally, 
in low phosphate medium, the expression levels of pqsA in ΔlasI and ΔlasR even 





                
 
Fig. 5-3. Relative production of Qrp in the strains PAO1 and ∆lasI, grown in standard 
(LB) medium and low phosphate (PA) medium, as indicated by the peak area of Qrp 





    
 
Fig. 5-4. Relative expression of virulence factor and quorum sensing genes in PAO1, 
∆lasR and ∆lasI in both standard (LB) medium and low phosphate (PA) medium, 
demonstrated by real time RT-PCR. The mRNA quantity of PAO1 has been set at 
100%. The test was repeated twice and the data presented were the averages of the 






5.3.5 Disruption of PA2305 in a lasI mutant background leads to downregulation 
of virulence factors production under phosphate depletion  
From the above results, it is clear that phosphate-limiting conditions have a 
strong positive effect on the expression of virulence factors genes, and that PA2305 
was also upregulated independent of LasIR in this condition. Further, data described 
in previous chapters (Chapter 2 and 3) have shown the positive effect of Qrp in the 
regulation of virulence factors. Taken together, these data imply a possible role of 
PA2305/ Qrp in executing a las–independent, phosphate-dependent expression of 
virulence genes. To investigate this possibility, microarray analysis was conducted to 
identify the regulon of PA2305 under phosphate limitation in the lasI mutant 
background. Table 5-3 provides the list of genes that were differentially expressed in 
the ΔlasI versus ΔlasIΔ2305 strains. Eighty-five genes were downregulated as a result 
of a lack of Qrp. They can be classified into the following functional clases: (1) 
adaptation, protection; (2) amino acid biosynthesis and metabolism; (3) biosynthesis 
of cofactors, prosthetic groups and carriers; (4) carbon compound catabolism; (5) cell 
division; (6) central intermediary metabolim; (7) energy metabolism; (8) hypothetical 
proteins; (9) nucleotide biosynthesis and metabolism; (10) protein secretion/ export 
apparatus; (11) putative enzymes; (12) secreted factors (toxins, enzymes, alginate); 
(13) transcriptional regulators; (14) translation, post-translational modification, 
degradation; (15) transport of small molecules.  Importantly, this list includes most of 
the virulence factor genes assayed here, e.g. lasB, phzF, hcnB etc. This was 
confirmed by real time RT-PCR (Fig. 5-5), and an actual production decrease in 
pyocyanin and elastase was also observed (Fig. 5-6A and B). There are 68 genes 
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upregulated as a result of a disruption of PA2305 and their functional classification as 
are: (1) amino acid biosynthesis and metabolism; (2) biosynthesis of cofactors, 
prosthetic groups and carriers; (3) carbon compound catabolism; (4) central 
intermediary metabolism; (5) energy metabolism; (6) hypothetical proteins; (7) 
protein secretion/ export apparatus; (8) putative enzymes; (9) transcription, RNA 
processing and degradation; (10) transcriptional regulators; (11) transport of small 
molecules; (12) two-component regulatory systems. Interestingly, although the 
expression of the PQS or rhl quorum sensing genes (i.e. pqsABCD, pqsR, rhlI, rhlR 
etc.) were not altered in ΔlasIΔ2305 (Fig. 5-5), the actual production of PQS was 
decreased in ΔlasIΔ2305 (Fig. 5-6C), suggesting a regulatory mechanism beyond the 
transcriptional level.   
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Table 5-3. Genes differentially regulated by Qrp in absence of las quorum sensing 









PseudoCAP function class 
PA4613 katB -12.2 Adaptation, protection 
PA0140 ahpF -5.82 Adaptation, protection 
PA0962   -3.16 Adaptation, protection 
PA0139 ahpC -2.82 Adaptation, protection 
PA4236 katA -2.48 Adaptation, protection 
PA4448 hisD -1.66 Amino acid biosynthesis and metabolism 
PA5429 aspA 1.59 Amino acid biosynthesis and metabolism 
PA5304 dadA 1.72 Amino acid biosynthesis and metabolism 
PA2446 gcvH2 1.89 Amino acid biosynthesis and metabolism 
PA2445 gcvP2 1.96 Amino acid biosynthesis and metabolism 
PA4655 hemH -7.24 Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA0516 nirF 3.57 Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA0514 nirL 4.54 Biosynthesis of cofactors, prosthetic groups and 
carriers 
PA5131 pgm -9.52 Carbon compound catabolism 
PA3195 gapA -1.74 Carbon compound catabolism 
PA3181   -1.56 Carbon compound catabolism 
PA2008 fahA 1.85 Carbon compound catabolism 
PA2007 maiA 1.96 Carbon compound catabolism 
PA2009 hmgA 2.04 Carbon compound catabolism 
PA0447 gcdH 2.04 Carbon compound catabolism 
PA4752 ftsJ -2.31 Cell division 
PA4751 ftsH -1.52 Cell division 
PA2053 cynT -3.19 Central intermediary metabolism 
PA5436   -1.7 Central intermediary metabolism 
PA2194 hcnB -1.65 Central intermediary metabolism 
PA0546 metK 1.59 Central intermediary metabolism 
PA0520 nirQ 2.04 Central intermediary metabolism 
PA3032   -2.79 Energy metabolism 
PA5240 trxA -2.33 Energy metabolism 
PA4133   -1.89 Energy metabolism 
PA3930 cioA 1.56 Energy metabolism 
PA0523 norC 1.85 Energy metabolism 
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PA3391 nosR 1.89 Energy metabolism 
PA0519 nirS 2.22 Energy metabolism 
PA0524 norB 2.38 Energy metabolism 
PA3396 nosL 2.5 Energy metabolism 
PA3395 nosY 2.63 Energy metabolism 
PA0518 nirM 2.63 Energy metabolism 
PA0521   2.63 Energy metabolism 
PA3393 nosD 2.86 Energy metabolism 
PA2664 fhp 2.86 Energy metabolism 
PA0525   3.03 Energy metabolism 
PA3392 nosZ 3.125 Energy metabolism 
PA0517 nirC 3.33 Energy metabolism 
PA0509 nirN 3.57 Energy metabolism 
PA0510   3.57 Energy metabolism 
PA0511 nirJ 4.76 Energy metabolism 
PA5460   -22.71 Hypothetical, unclassified, unknown 
PA3237   -22.12 Hypothetical, unclassified, unknown 
PA2868   -13.37 Hypothetical, unclassified, unknown 
PA0250   -9.62 Hypothetical, unclassified, unknown 
PA0449   -9.14 Hypothetical, unclassified, unknown 
PA3539   -8.13 Hypothetical, unclassified, unknown 
PA3287   -7.98 Hypothetical, unclassified, unknown 
PA5519   -4.69 Hypothetical, unclassified, unknown 
PA4612   -3.85 Hypothetical, unclassified, unknown 
PA2306   -3.03 Hypothetical, unclassified, unknown 
PA0572   -2.56 Hypothetical, unclassified, unknown 
PA2699   -2.55 Hypothetical, unclassified, unknown 
PA1061   -2.35 Hypothetical, unclassified, unknown 
PA5546   -2.29 Hypothetical, unclassified, unknown 
PA0068   -2 Hypothetical, unclassified, unknown 
PA2869   -1.97 Hypothetical, unclassified, unknown 
PA1190   -1.96 Hypothetical, unclassified, unknown 
PA2122   -1.93 Hypothetical, unclassified, unknown 
PA2697   -1.9 Hypothetical, unclassified, unknown 
PA3022   -1.86 Hypothetical, unclassified, unknown 
PA4129   -1.84 Hypothetical, unclassified, unknown 
PA2486   -1.78 Hypothetical, unclassified, unknown 
PA1245   -1.74 Hypothetical, unclassified, unknown 
PA4881   -1.72 Hypothetical, unclassified, unknown 
PA5461   -1.67 Hypothetical, unclassified, unknown 
PA0320   -1.62 Hypothetical, unclassified, unknown 
PA1063   -1.61 Hypothetical, unclassified, unknown 
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PA4220   -1.57 Hypothetical, unclassified, unknown 
PA1060   -1.56 Hypothetical, unclassified, unknown 
PA3286   -1.53 Hypothetical, unclassified, unknown 
PA1942   -1.52 Hypothetical, unclassified, unknown 
PA1062   -1.51 Hypothetical, unclassified, unknown 
PA3238   -1.51 Hypothetical, unclassified, unknown 
PA2303   -1.5 Hypothetical, unclassified, unknown 
PA4359   1.52 Hypothetical, unclassified, unknown 
PA0688   1.52 Hypothetical, unclassified, unknown 
PA5055   1.52 Hypothetical, unclassified, unknown 
PA5496   1.56 Hypothetical, unclassified, unknown 
PA2027   1.59 Hypothetical, unclassified, unknown 
PA0567   1.59 Hypothetical, unclassified, unknown 
PA0655   1.59 Hypothetical, unclassified, unknown 
PA4182   1.61 Hypothetical, unclassified, unknown 
PA5052   1.61 Hypothetical, unclassified, unknown 
PA5303   1.61 Hypothetical, unclassified, unknown 
PA5225   1.61 Hypothetical, unclassified, unknown 
PA1123   1.67 Hypothetical, unclassified, unknown 
PA0541   1.69 Hypothetical, unclassified, unknown 
PA4714   1.69 Hypothetical, unclassified, unknown 
PA3731   1.69 Hypothetical, unclassified, unknown 
PA3431   1.89 Hypothetical, unclassified, unknown 
PA0114   1.96 Hypothetical, unclassified, unknown 
PA2404   1.96 Hypothetical, unclassified, unknown 
PA3552   1.96 Hypothetical, unclassified, unknown 
PA3554   1.96 Hypothetical, unclassified, unknown 
PA2017   2.27 Hypothetical, unclassified, unknown 
PA0522   2.86 Hypothetical, unclassified, unknown 
PA2663   3.125 Hypothetical, unclassified, unknown 
PA2662   4.35 Hypothetical, unclassified, unknown 
PA0512   5.0 Hypothetical, unclassified, unknown 
PA0849 trxB2 -4.64 Nucleotide biosynthesis and metabolism 
PA1246 aprD -1.75 Protein secretion/export apparatus 
PA1247 aprE -1.64 Protein secretion/export apparatus 
PA5210   1.64 Protein secretion/export apparatus 
PA2843   -12.14 Putative enzymes 
PA0848   -8.69 Putative enzymes 
PA0249   -3.96 Putative enzymes 
PA2698   -3.43 Putative enzymes 
PA1202   -3.05 Putative enzymes 
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PA2305   -2.31 Putative enzymes 
PA4907   -2.19 Putative enzymes 
PA4217  phzS1 -1.95 Putative enzymes 
PA2419   -1.51 Putative enzymes 
PA2634   1.59 Putative enzymes 
PA0745   1.67 Putative enzymes 
PA3553   1.69 Putative enzymes 
PA0842   1.72 Putative enzymes 
PA1905 phzG2 -2.12 Secreted factors (toxins, enzymes, alginate) 
PA4211 phzB1 -1.82 Secreted factors (toxins, enzymes, alginate) 
PA1903 phzE2 -1.72 Secreted factors (toxins, enzymes, alginate) 
PA1904 phzF2 -1.71 Secreted factors (toxins, enzymes, alginate) 
PA1901 phzC2 -1.61 Secreted factors (toxins, enzymes, alginate) 
PA1249 aprA -1.53 Secreted factors (toxins, enzymes, alginate) 
PA4210 phzA1 -1.53 Secreted factors (toxins, enzymes, alginate) 
PA1902 phzD2 -1.51 Secreted factors (toxins, enzymes, alginate) 
PA1250 aprI -1.5 Secreted factors (toxins, enzymes, alginate) 
PA2976 rne 1.56 Transcription, RNA processing and degradation 
PA2696   -2.54 Transcriptional regulators 
PA1283   -1.97 Transcriptional regulators 
PA2432   -1.8 Transcriptional regulators 
PA0424 mexR -1.59 Transcriptional regulators 
PA2931   -1.57 Transcriptional regulators 
PA4094   -1.51 Transcriptional regulators 
PA0513   4.17 Transcriptional regulators 
PA0515   4.35 Transcriptional regulators 
PA0067 prlC -3.42 Translation, post-translational modification, 
degradation 
PA4666 hemA -2.33 Translation, post-translational modification, 
degradation 
PA0903 alaS -1.72 Translation, post-translational modification, 
degradation 
PA3724 lasB -1.63 Translation, post-translational modification, 
degradation 
PA4665 prfA -1.58 Translation, post-translational modification, 
degradation 
PA1651   -1.56 Transport of small molecules 
PA1074 braC 1.56 Transport of small molecules 
PA1178 oprH 1.92 Transport of small molecules 
PA5030   2.38 Transport of small molecules 
PA3394 nosF 3.45 Transport of small molecules 
PA1180 phoQ 1.52 Two-component regulatory systems 
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PA1179 phoP 1.79 Two-component regulatory systems 




                        
 
Fig. 5-5. Verification of virulence and quorum sensng gene expression patterns 
between strains ∆lasI and ∆lasI∆2305 using real time RT-PCR. The mRNA quantity 
of PAO1 has been set at 100%. The test was repeated twice and the data presented 




            




                  
Fig. 5-6. Virulence factors and PQS quorum sensing signal production between 
PAO1, ∆lasI and ∆lasI∆2305 in phosphate-limitation medium at different time points 
of the bacteria’s growth. (A) pyocyanin production, (B) elastase production. The 
experiment was done in duplicates and error bars indicate the standard deviations. (C) 
Relative PQS production from PQS extracted from bacteria culture supernatant and 
separated by thin layer chromatography. PQS spots are quantified by spot 
densitometry and represented as bar graph. The PAO1 PQS level at 6 hours post 
inoculation was designated at 100% based on which all other intensity values were 





5.3.6 Disruption of PA2305 in the lasI mutant results in a partial reduction of 
virulence in mouse model  
To determine whether the downregulation of virulence genes expression 
translated into an actual drop in overall pathogenicity of P. aeruginosa, we subjected 
two batches of mice, BALB/C and FVB/N, to bacteria challenge and compared the 
mortality rates between mice infected with PAO1, ΔlasI and ΔlasIΔ2305. Both 
batches of infection assay yielded the same trend and the survival curve of the 
infected FVB/N mice were represented in figure 5-7. The mortality caused by 
ΔlasIΔ2305 was reduced by an average of 18% compared to ΔlasI, suggesting that 
Qrp does contribute in part to the virulence of P. aeruginosa in the absence of a 
functional las quorum sensing system. 
 
5.3.7 PA2305 expression profiles in clinical isolates  
Now that we have verified the expression pattern of PA2305 in low 
phosphate conditions, we wanted to understand whether PA2305 is regulated 
differently in poor medium conditions. Further, since quorum sensing profiles could 
be different between laboratory strains and clinical isolates (see 1.4), we inquired 
whether the las-dependent regulation of PA2305 was still maintained in the latter. We 
determined the expression of PA2305 in the mutant ΔlasR and four clinical isolate 
strains in both poor (minimal medium) and standard (LB) media using real-time RT-
PCR. Fig. 5-8A showed that under standard conditions, disruption of LasR almost 
completely abolished PA2305 expression. This verified all earlier observations that 
PA2305 is tightly controlled by the las quorum sensing system. Similarly in the four  
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Fig. 5-7. Survival curve of 6 weeks old male FVB/N mice (n=6) infected with PAO1 
(, red line), ∆lasI (, blue line) and ∆lasI∆2305 (, green line). Experiment has 




clinical isolates Mu3, Mu4, ATCC 27853 and ATCC 39324, PA2305 expression level 
was lower than the laboratory strain PAO1. When grown in minimal medium 
however, PA2305 expression was increased in three out of four clinical isolate strains, 
with dramatic upregulation (20-fold) in Mu3 strain (Fig. 5-8B). However, PA2305 
expression in the mutant ΔlasR and isolate ATCC 27853 remained low (Fig. 5-8B). 
Further, we examined the relative expression of PA2305 between standard and poor 
media in every strain by comparing the mRNA level of PA2305 in strains grown in 
standard medium with that grown in poor medium. The results showed significant 
increases in PA2305 mRNA level in the four clinical isolate strains (up to 20-fold) 
when cultured in poor medium, and an approximate 3.5-fold increase in PA2305 
expression in ΔlasR (Fig. 5-8C). This suggested that under poor nutrient conditions, 
PA2305 expression is not regulated by the las quorum sensing system and was highly 
expressed in most clinical isolates.  
 
5.3.8 pchE expression is altered in clinical isolates and poor medium 
Since pyochelin expression and production was found to be regulated by Qrp 
(Chapter 4), we wondered whether the expression of pchE could have a similar 
regulation pattern as PA2305 under nutritional deprivation and in clinical isolates. 
Fig. 5-9A shows that in LB medium the expression level of pchE was low in all 
strains assayed, compared to PAO1. When transferred to nutritionally limited 
minimal medium, three of the four clinical isolate strains, Mu3, Mu4 and ATCC 
39324 showed a dramatic upregulation of the gene (Fig. 5-9B). The exception was 
again found in ΔlasR and ATCC 27853 strains, in which pchE expression remained at  
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Fig. 5-8. Expression patterns of PA2305 of clinical isolates in rich medium and 
nutritionally poor growth conditions. Gene expression patterns of PA2305 between 
wild type PAO1, PAO1(ΔlasR), and P. aeruginosa clinic isolated strains (Mu3, Mu4, 
ATCC 27853, ATCC 39324), in standard LB medium (A), minimal medium (B); 
comparison of PA2305 gene expression profiles of different strains grown in standard 
and minimal media (C). The test was repeated twice and the data presented were the 





a low level under both conditions. However, when we did a comparison of pchE 
expression in LB versus MM medium in every strain, we obtained a similar read-out 
as Figure 5-8C. An overall upregulation of pchE was evident, with Mu3, Mu4 and 
ATCC 39324 demonstrating beyond 10-fold increase in MM than LB medium (Fig. 
5-9C). However in this instance, pchE expression was also increased in PAO1, which 
indicates that pchE and pyochelin might be regulated differently from Qrp under 
nutritional starvation conditions.  
 
                            
5.4 Discussion 
In this chapter, we have confirmed that the expression of PA2305 is tightly 
controlled by the las quorum sensing system when P. aeruginosa was grown in 
standard LB medium (Fig. 5-1). However this regulation was relinquished when 
phosphate limitation pressure was exerted, as both the expression of PA2305-PA2302 
cluster and the subsequent production of Qrp was recovered in low phosphate 
medium independent of functional LasIR (Figs. 5-2 and 5-3). This also coincided 
with a recovery in virulence gene expression and virulence factor production (Figs. 5-
4, 5-5 and 5-6), strongly suggesting a functional link between the recovery of Qrp 
production and that of the virulence genes, which was further substantiated with a 
partial decrease in virulence in a preliminary mouse virulence model (Fig. 5-7). We 
similarly witnessed an upregulation of both PA2305 and pchE transcript levels in the 
ΔlasR mutant when it was transferred from standard LB medium into poor minimal 
medium, as was the case for the P. aeruginosa clinical isolates (Figs. 5-8 and 5-9).  
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Fig. 5-9. Expression patterns of pchE of clinical isolates in rich medium and 
nutritionally poor growth condition. Gene expression patterns of pchE between wild 
type PAO1, PAO1(ΔlasR), and P. aeruginosa clinic isolated strains (Mu3, Mu4, 
ATCC 27853, ATCC 39324), in standard LB medium (A), minimal medium (B); 
comparison of PA2305 gene expression profiles of different strain grown in standard 
and minimal media (C). The test was repeated twice and the data presented were the 
average of the two experiments.  
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Analysis of the phosphate-dependent, las-independent regulon of PA2305 
revealed the genes encoding for alkaline proteases and LasB elastase, pyocyanin and 
hydrogen cyanide biosynthesis proteins, typically controlled by all three quorum 
sensing systems of P. aeruginosa (Fig. 5-5 and Table 5-3). Interestingly, the PQS and 
rhl QS genes were not found to be regulated by Qrp under this condition (as opposed 
to standard condition), yet their downstream virulence factor genes were affected, 
implying that Qrp might be able to control the transcription of these genes in a PqsR/ 
RhlR-independent manner.   From the above results, we conclude that the regulation patterns on PA2305 
expression is less dependent on the las quorum sensing system during phosphate 
limitation, and general nutrient starvation, breaking away from the view that Qrp 
exists as a high-maintenance system, playing second fiddle to the Las system (Fig. 5-
10A). This is evident from the recovery of Qrp production in the low phosphate 
model, whereupon the application of Qrp has also taken on a new dimension of 
controlling the expression of virulence factors LasB elastase, hydrogen cyanide and 
pyocyanin. These virulence factors were well-known to be quorum sensing controlled 
(Schuster et al., 2003; Smith and Iglewski, 2003), and we have also shown in the 
previous chapters that the control exerted by Qrp on these exotoxins were exerted 
through its effects on the PQS-rhl quorum sensing systems. In this instance however, 
we discovered that under low phosphate conditions, Qrp demonstrated a las quorum 
sensing-independent positive effect on the virulence factors genes, providing strong 
evidence that Qrp may function as an alternative quorum sensing signal when las 
system was abrogated. Fig. 5-10B provides a graphical representation of the putative 
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las-independent, phosphate-dependent alternative quorum sensing circuit involving 
Qrp.   
 However, we concede that this contribution of Qrp to las-independent 
expression and production of virulence factors in low phosphate conditions is partial. 
Therefore, it is highly likely that there are other factors that too induce virulence 
factors production under the abovementioned conditions. The effects of the PhoBR 
two-component system on the PQS and rhl quorum sensing system under low 
phosphate conditions has been well-documented (Jensen et al., 2006). PhoB is 
required in the upregulation of rhlR expression, increase in hydroxy-alkyl-quinolones 
(HAQ) production, as well as mediating the PQS-dependent pyocyanin production 
under low phosphate conditions. Although these data were not obtained in a las-
negative background, it is highly possible that PhoBR produce similar effects. 
Further, Jensen and coworkers has listed genes within the P. aeruginosa genome that 
contain PHO boxes in the promoter regions. Whilst the upstream region of PA2305 
did not contain PHO box-like sequences, it would be interesting to investigate 
whether PA2305/ Qrp is under the control of PhoBR during phosphate depletion 
conditions.  
 Nonetheless, this finding carries a significant biological relevance in several 
levels. Firstly, phosphate limitation exerts a major selective pressure on P. aeruginosa 
and it reflects that exerted by the host in both the lung infection and intestinal post-
operative injury infection model (Krieg et al., 1988; Long et al., 2008). Low 
phosphate conditions encourage the conversion of P. aeruginosa from nonmucoid to 
mucoid phenotype, an important indicator of the onset of chronic infection in the 
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cystic fibrosis (CF) lung (Terry et al., 1991). Phosphate depletion following major 
intestinal operative injury was found to trigger a rapid expression of virulence factors 
in P. aeruginosa and associated with a high degree of lethality in surgically stressed 
mice following P. aeruginosa challenge (Long et al., 2008). Further, pyocyanin, an 
exotoxin found in prodigious levels in P. aeruginosa infected cystic fibrosis airways, 
was also found to be regulated by Qrp (Lau et al., 2004; Schwarzer et al., 2008; 
Caldwell et al., 2009). The same is the case for alkaline proteases (genes listed with 
the prefix apr in Table 5-3), which contributes to P. aeruginosa ability in immune 
evasion (Kharazmi, 1991), iron uptake (Kim et al., 2006) and tissue damage 
(Matsumoto, 2004).  
 Further, as discussed in section 1.4, clinical strains isolated from chronically 
infected patients typically lose the las quorum sensing system, yet retained their 
overall fitness and production of toxins. Although we have not tested the levels of 
Qrp in these clinical strains, it is reasonable to believe that this might be, at least in 
part, due to the direct effect of Qrp on modulation of virulence genes.  
 Although we have shown that the pchE gene expression has similarly been 
induced in clinical strains under nutritionally poor conditions, the relationship 
between Qrp and pyochelin has not been established under non-standard conditions 
(low phosphate and/ or poor media) in this study. Further the contribution of 
pyochelin in the regulation of virulence factors and the regulon of pyochelin under 
low phosphate conditions has also not been identified. Therefore more work is 
required to clarify the above. Moreover pyochelin was also synthesized and 
transported by Burkholderia cenocepacia, a closely related class of beta-
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proteobacteria often found co-infecting the lungs of cystic fibrosis patients (Visser et 
al., 2004; Thomas, 2007). It is highly possible that pyochelin could be shared as 
“common goods” between the two classes of pathogens, providing an impetus to 
understand the role of pyochelin in cross-species interactions and pathogenesis.  
  Taken together, the encouraging data we have gathered highlights the 
importance of Qrp in P. aeruginosa infections. The dramatically elevated expression 
of PA2305-2302 in three out of the four P. aeruginosa clinical isolate strains used in 
this study further echoed this claim. The roles played by Qrp as a regulator of 
virulence during phosphate deprivation creates substantial headway to the current 
understanding of the mechanisms of pathogenesis in clinical infection models. 
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Fig. 5-10. Quorum sensing network of P. aeruginosa under standard and non-standard 
conditions. (A) Simplified quorum sensing network of P. aeruginosa displaying the 
relationship between Qrp and pyochelin and the previously described las, rhl and PQS 
systems. (B) Putative las-independent putative quorum sensing network involving Qrp. 










GENERAL CONCLUSIONS  
6.1 General conclusions  
6.1.1 PA2305-2302 gene cluster modulates P. aeruginosa PQS and rhl quorum 
sensing systems via a non-ribosomal peptide signal   
Disruption of PA2305-2302 gene cluster resulted in a downregulation of PQS 
and rhl quorum sensing systems and the expression of virulence genes (Figs. 2-1, 2-2, 
2-3). Since there was no observable change in 3-oxo-C12-HSL levels, it is highly 
likely that PA2305 functions between las and PQS in the P. aeruginosa quorum 
sensing hierarchy (Fig. 5-10A). PA2305 also contributes to the full virulence of P. 
aeruginosa towards mammalian cells A549, nematodes C. elegans, zebrafish Danio 
rerio (Fig. 2-6). This provided the first evidence that the non-ribosomal peptide 
synthase cluster PA2305-2302 is involved in the positive regulation of quorum 
sensing in P. aeruginosa.  
Genetic organization and domain analysis shows that all four genes within the 
cluster encode for enzymes implicated in the biosynthesis of non-ribosomal peptides 
(Fig. 2-7), ruling out direct protein-protein or protein-DNA interactions as the 
mechanism behind this regulation.  Media conditioning using cell-free supernatants 
from PA2305 and PA2302 in trans overexpression strains show that the PQS-
inducing factor controlled by PA2305-2302 is secreted into extracellular environment 
(Fig. 2-9), further substantiating that the regulatory activities of the cluster is exerted 
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through an intercellular signal molecule, whose production is abolished when PA2305 
is disrupted (Fig. 2-9). Subsequent purification and structural elucidation experiments 
identified this factor to be 4-thiazolecarbaldehyde, 2-(2-hydroxyphenyl), thereafter 
named as Qrp (quinolone regulating peptide) (Fig. 3-5). Nanomolar concentration 
range of Qrp is sufficient to restore the PQS and rhl quorum sensing signal 
production levels to above wild type levels in the mutant ∆2305∆2302 (Figs. 3-9 and 
3-10). Importantly, we have also shown that both the gene expression of its synthase 
cluster PA2305-2302 as well as the actual production levels of Qrp are cell-density 
dependent (Fig. 3-12), peaking at 6 hours and 10 hours of bacteria growth duration 
respectively. This provides strong evidence that Qrp behaves like a non-ribosomal 
peptide signal able to reflect the bacteria quorum.  
 
6.1.2 Siderophore pyochelin is a novel signal intermediate 
 Traditionally a siderophore, here, we show that pyochelin has a similar 
function as Qrp in inducing PQS production. When pchE was deleted, PQS 
production was found to be drastically reduced. Genetic complementation of pchE or 
exogenous addition of 100 nM of synthetic pyochelin restored PQS production levels 
to above that of wild type PAO1 (Fig. 4-2). Consequently, we have shown that 
pyochelin functions as a signaling intermediate in the tripartite relay of Qrp, 
pyochelin and PQS (Fig. 4-4), adding a second dimension to our current 




6.1.3 Qrp functions as condition-dependent, las-independent activator of 
quorum sensing-dependent virulence factors   
A second important finding presented in this thesis is uncovering the potential 
of Qrp and pyochelin as alternative quorum sensing signals that could partially 
compensate for the loss of the las system under phosphate depleted conditions. 
Originally under the tight control of LasIR under standard conditions (Figs 5-1 and 5-
3), the expression of PA2305 was found to be recovered by up to 60% that of PAO1 
in both the ΔlasI and ΔlasR mutant backgrounds (Fig. 5-2). This is translated into a 
recovery in quorum sensing-controlled virulence gene expression (Figs. 5-4, 5-5 and 
Table 5-3), as well as quorum sensing signal and virulence factor production (Fig. 5-
6). Our data has established that under certain, non-standard growth conditions, this 
newly discovered branch of quorum sensing (the Qrp → pyochelin → PQS circuit) 
has, at least in part, activated the production of virulence factors pyocyanin, proteases 
etc., and contributes to the full virulence of P. aeruginosa in a mouse model, in the 
absence of LasIR. These findings has therefore, created a handhold for Qrp to be 
recognized as a quorum sensing signal with similar mode of action as the las 3-O-
C12-HSL (Fig. 5-10B).  
In addition, although we have yet to establish that pyochelin biosynthesis 
remains under the control of Qrp under low phosphate conditions, we have 
demonstrated that the expression patterns of both PA2305 and pchE increased 
dramatically in clinical isolates under nutritional stress conditions (Figs. 5-8 and 5-9), 




6.2 Prospects of further study  
6.2.1 Identification of the Qrp receptor  
We have shown that Qrp is an intercellular signal that positively regulates the PQS 
and rhl quorum sensing systems in P. aeruginosa, however we have yet to identify its 
receptor. To understand this signaling mechanism, it is imperative to identify the 
cognate receptor of Qrp and to investigate the mechanism with which this receptor 
mediates the effects of Qrp on the pyochelin biosynthesis and signaling pathway.  
 
6.2.2 Proving the direct link between Qrp and the PA2305-2302 cluster  
Although disruption of the two NRPS PA2305 and PA2302 abolishes the production 
of Qrp and overexpression in turn increases its yield, it merely provided proof that the 
PA2305-2302 cluster controls the production of Qrp, and not sufficient to claim that 
Qrp is the direct synthesis product of the NRPS cluster. Therefore efforts will be 
committed to co-express the PA2305-2302 gene cluster in the Escherichia coli 
heterologous host, from which the direct synthesis products will be purified and 
structurally identified.  
 
6.2.3 Understanding the structural features of Qrp  
With the structural elucidation of Qrp, modifications can be made to the parent 
molecule to assay the importance of each moiety in the activity of Qrp in inducing 
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PQS. A substructure search on structures similar to Qrp could be conducted and a 
structural analogue library could be constructed. This provided a platform for the 





Table A-1: Top 35 hits from PA2302 BLASTP against all non-redundant (nr) protein 
database 
 
Table A-2: Top 35 hits from PA2303 BLASTP against all non-redundant (nr) protein 
database 
 
Table A-3: Top 35 hits from PA2304 BLASTP against all non-redundant (nr) protein 
database 
 






Table A-1.  
Accession 
number 

























EGM12142.1 Putative non-ribosomal 



























ZP_07796656.1 Putative non-ribosomal 





ABV56588.1 KtzH, non-ribosomal peptide 
synthetase for kutznerides  
Kutzneria sp. 744 1366 5e-126 
EGM12001.1 Putative non-ribosomal 





YP_004406161.1 Amino acid adenylation 
domain-containing protein 
Verrucosispora 
maris AB- 18- 
032 
789 1e-105 
YP_001661017.1 McnA protein, non-






















YP_004085365.1 Amino acid adenylation 




AAO62586.1 Peptide synthetase Anabaena sp. 90 922 2e-93 
YP_003835749.1 Amino acid adenylation 










CAQ_48245.1 McyA protein, non-


































































































ZP_07796655.1 Low quality protein: putative 




ZP_06878762.1 Putative regulatory protein Pseudomonas 
aeruginosa PAb1 
692 0.0 
AAN85495.1 Putative regulatory protein Streptomyces 
atroolivaceus 
369 3e-125 




































































EGH80512.1 Pyoverdine biosynthesis 
regulatory protein  
Pseudomonas 
syringae pv. 
aptata str. DSM 
50252 
284 4e-92 
ZP_05637425.1 Pyoverdine biosynthesis 


















EGH54797.1 Pyoverdine biosynthesis 
regulatory protein  
Pseudomonas 
syringae Cit 7 
282 2e-91 


































ZP_07263576.1 Pyoverdine biosynthesis 




























ZP_06461612.1 Pyoverdine biosynthesis 






EGH73965.1 Pyoverdine biosynthesis 













EGH99252.1 Pyoverdine biosynthesis 








Table A-3.  
Accession 
number 


















ZP_07796654.1  LOW QUALITY PROTEIN: 




ZP_06878761.1  putative regulatory protein Pseudomonas 
aeruginosa PAb1 
688 0.0 




AAN85494.1  putative regulatory protein Streptomyces 
atroolivaceus 
346 6e-116 




YP_001544647.1  taurine catabolism 










YP_001544873.1  taurine catabolism 





YP_001866803.1  taurine catabolism 









ZP_07796655.1  LOW QUALITY PROTEIN: 




NP_250993.1  AmbD  Pseudomonas 
aeruginosa PAO1 
292 8e-95 






ZP_06878762.1  putative regulatory protein  Pseudomonas 
aeruginosa PAb1 
290 7e-94 




NP_746339.1  syrP protein Pseudomonas 
putida KT2440 
287 5e-93 





ADR59297.1  SyrP protein, putative Pseudomonas 
putida BIRD-1 
284 8e-92 






ZP_08494733.1  Taurine catabolism 















aptata str. DSM 
50252 
279 6e-90 







EGH99252.1  pyoverdine biosynthesis 






ZP_01127435.1  syrP protein, putative  Nitrococcus 
mobilis Nb-231 
279 1e-89 
NP_791968.1  pyoverdine biosynthesis 






ZP_05637425.1  pyoverdine biosynthesis 


















YP_621034.1  taurine catabolism 





ZP_07263576.1  pyoverdine biosynthesis 





YP_274150.1  pyoverdine biosynthesis 






EGH14323.1  pyoverdine biosynthesis 





















YP_002440588.1  Putative non-ribosomal 

















YP_790934.1  Putative non-ribosomal 

















YP_002772374.1  Linear pentadecapeptide 













CBJ40245.1  Putative non ribosomal 





Q70LM6.1  RecName: Full=Linear 
gramicidin synthase subunit 
























activase; Includes: RecName: 
Full=Valine racemase [ATP-
hydrolyzing]  
YP_003954597.1  LgrB-like linear gramicidin 









YP_002257478.1  Polyketide synthase/non 






YP_004349031.1  Arthrofactin 
synthetase/syringopeptin 
synthetase C-related non-











YP_001242609.1  Arthrofactin 
synthetase/syringopeptin 
synthetase C-related non-
















YP_002253379.1  Non ribosomal peptide 
synthetase (partial sequence 












YP_003468264.1  Non-ribosomal peptide 




YP_001804484.1  Peptide synthetase  Cyanothece sp. 
ATCC 51142 
1053 1e-148 
YP_004022432.1  Non-ribosomal peptide 












NP_486688.1  Peptide synthetase  Nostoc sp. PCC 
7120 
829 3e-146 
YP_001314963.1  Amino acid adenylation 





AAO23334.1  NcpB  Nostoc sp. 
ATCC 53789 
1753 1e-144 
















AAO23333.1  NcpA  Nostoc sp. 
ATCC 53789 
1409 4e-143 
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